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ABSTRACT
Records of past climate and ecological dynamics from lakes and bogs provide a long-
term perspective that extends the modern observational record. Many different paleocli-
matic and paleoecological proxies are used to characterize patterns, processes, and impacts
of past climate variability, each with unique strengths and weaknesses. Integrating data
across a network of different proxies requires a detailed understanding of each individual
proxy. In the eastern United States two common proxies for Holocene hydroclimate con-
ditions are testate amoeba-based water-table depth reconstructions and sedimentary lake-
level reconstructions. Testate amoebae tests are preserved in sediments and can be iden-
tified to the species level. The community composition of testate amoebae on the surface
of an ombrotrophic bog is sensitive to the surface moisture of the bog. Past fluctuations
in lake level can be tracked by the changing elevation of the sand-mud boundary along a
transect of near-shore sediment cores. Lake-level records have been developed mainly in
southern New England and in the Rocky Mountains. Bog water-table depth records have
been developed mainly in Maine and the Upper Midwest. For my dissertation, I have devel-
oped two pairs of co-located lake-level and bog water-table depth records from Maine and
Minnesota. Co-located records allow direct comparison of proxy records that experienced
the same past climate conditions. In the first chapter, I present a new testate amoeba record
from Caribou Bog and a new Bayesian transfer function model that estimates water-table
depth from testate amoeba assemblages. I compare seven different methods for estimating
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water-table depth from testate amoebae in cross-validation and in reconstruction. In the
second chapter, I present a suite of records from Caribou Bog and Giles Pond, both from
south-central Maine. I validate and compare the hydrologic reconstructions from Caribou
Bog and Giles Pond. Then, I leverage the strengths of each proxy reconstruction to produce
an integrated record of past hydrology that captures hydroclimate variability and change
from decadal to multi-millennial timescales. Finally, I use the integrated record of past
hydroclimate to understand vegetation changes in a new pollen record from Caribou Bog.
Holocene vegetation changes represent a complex interaction between large-scale biogeo-
graphic patterns, regional and local climate variability and change, and local ecological
variability. In the final chapter, I introduce new records from Ely Lake Bog and Knuckey
Lake in northeastern Minnesota. I analyze the new records in the context of mid-to-late
Holocene changes in the Upper Midwest and mid-latitude North America. I find consis-
tent sub-regional drought events over the past 2000 years and coherent multi-centennial
variability in the eastern United States over the past 6,200 years. This overall combination
of formal statistical modeling, detailed site-level reconstruction, and single-proxy network
analyses represents ways to maximize the utility of proxy records for inferring past envi-
ronmental variability and change.
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1. INTRODUCTION
Paleoenvironmental reconstruction documents the patterns, processes, and impacts of
past climate variability and change and represents a long-term historical perspective that ex-
tends the short observational record and provides empirical targets for modeling (Masson-
Delmotte et al., 2013). Many different approaches are used to improve paleoclimate in-
ference, including continental-to-global syntheses (PAGES, 2013; Marcott et al., 2013;
PAGES2k, 2017; Cook, 2004; Cook et al., 2010), proxy system modeling (Evans et al.,
2013), data-model intercomparisons (DiNezio and Tierney, 2013; Abram et al., 2016; Coats
et al., 2016), and data assimilation (Hakim et al., 2016).
Proxies that cannot be directly calibrated to modern instrumental climate records have
generally not been included in these efforts. This dissertation focuses on two such proxies:
lake-level records based on tracking the sand-mud boundary from sedimentary evidence in
a transect of near-shore cores (Digerfeldt, 1986; Pribyl and Shuman, 2014) and bog water-
table depth records inferred from testate amoebae buried in peat (Woodland et al., 1998;
Booth, 2010).
Lakes are powerful archives that can be used to reconstruct many paleoenvironmental
variables (Cohen, 2003). Changes in lake level can be reconstructed by a multitude ap-
proaches (e.g.,identification of paleoshorelines (McGee et al., 2018), biotic indicators such
as the ratio of planktic to benthic diatoms (Stone and Fritz, 2004) aquatic plant macrofossils
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Birks (2002), and stable isotope evidence (Yu et al., 1997; Gao et al., 2017)). Here I focus
on using sedimentary evidence from a transect of near-shore cores to reconstruct the past
position of the littoral-profundal boundary (Digerfeldt, 1986; Shuman et al., 2001; Pribyl
and Shuman, 2014).
This lake-level reconstruction approach is best applied to small lakes (<100 ha) with
shallowly sloping bathymetry, minimal surface inflow and outflow, and a well-defined
drainage basin (Pribyl and Shuman, 2014). Target sites for coring are identified by ground
penetrating radar (GPR) surveys to identify a pattern of reflective sand layers within the
basin consistent with lake-level change. Features identified by GPR are targeted by a tran-
sect of near-shore sediment cores. Sand layers are identified in the cores visually, quantified
using diagnostic data such as loss-on-ignition, grain size, or x-ray fluorescence (XRF), and
dated via radiocarbon (Shuman et al., 2009; Pribyl and Shuman, 2014). All of this data is
used iteratively in a decision-tree algorithm to quantitatively reconstruct the past elevation
of the littoral-profundal boundary (Marsicek et al., 2013; Pribyl and Shuman, 2014).
Peatland archives also yield many different paleoenvironmental proxies (e.g., sphagnum-
to-vascular ratio, humification, stable isotopes, and macrofossils (Chambers et al., 2012)).
Here I use community composition of testate amoebae to infer changes in water-table depth.
Testate amoebae are a polyphyletic group of protists that live on the surface of bogs and
other wetland environments. Testate amoebae produce diverse tests (shells) from proteina-
ceous, calcareous, or siliceous material that are generally well-preserved in peat sediments
(Charman, 2001; Mitchell et al., 2008). Changes in testate amoebae community compo-
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sition are related to changes in bog surface wetness (Warner and Charman, 1994; Booth,
2008, 2010).
Transfer functions, developed from modern training samples where both the commu-
nity composition and the water-table depth are measured, are used to quantitatively infer
changes in bog-surface wetness from subfossil testate-amoebae assemblages (Birks et al.,
1990; Juggins and Birks, 2012). Reconstructed water-table depth is sensitive to changes
in summer moisture deficit (Charman, 2007; Charman et al., 2009; Booth, 2010). Bog
water-table depth records skillfully register extreme hydroclimate events at decadal to
multi-decadal time scales (Morris et al., 2015; Clifford and Booth, 2015), but long-term
trends and low-frequency variability can be influenced by autogenic bog processes (Char-
man et al., 2006; Swindles et al., 2012; Morris et al., 2015).
Lake-level and bog water-table depth records are common in North America, but they
have never been developed at co-located sites for comparison. Lake-level reconstructions
have been developed in New England and the Rocky Mountains (Newby et al., 2014; Shu-
man and Burrell, 2017; Shuman and Serravezza, 2017), whereas bog water-table depth
records have been developed in Maine, Michigan, Minnesota, and Wisconsin (Booth et al.,
2006, 2012; Clifford and Booth, 2013). The lack of co-located records has limited the direct
comparison of lake-level and bog water-table depth reconstruction. In order to compare pa-
leoenvironmental inferences from lake-level and bog water-table depth records subject to
the same past climate variability and change, I developed two new pairs of co-located lake
and bog records from south-central Maine and northern Minnesota, where both suitable
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lakes and bogs occur.
I use several approaches to understand and improve inferences from lake-level and bog
water-table depth records. First, I compare a new Bayesian model for reconstructing water-
table depth from testate amoebae to 6 other transfer function methods. Bayesian statistical
modeling provides an improved means of calibrating and quantitatively integrating bog
records with other proxies (e.g., in a data assimilation framework), but there are inferential
improvements that can be made without full Bayesian models. In the second chapter, I
present a suite of records from Maine including water-table depth history from Caribou
Bog, lake-level reconstruction from Giles Pond, and pollen and charcoal from Caribou Bog.
These records overlap for the past 7,500 years and thus allow for detailed investigation of
local to regional climate and ecological change. I apply expert knowledge of the proxy
records to combine them in a way that emphasizes signals that are more confidently related
to climate variability. I produce an integrated record of hydroclimate variability that I
use to interpret the climate drivers of vegetation change. In the third chapter, I interpret
new lake and bog records from Minnesota in the context of networks of existing lake and
bog records. I find coherent multi-centennial variability across the eastern United States
over the past 6,200 years. Using single-proxy networks allows for regional comparison
and synthesis without explicit calibration. Altogether, this dissertation represents efforts to
maximize the utility of proxy records to yield a more complete understanding of patterns,
processes, and impacts of Holocene climate variability in eastern North America.
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2. PRESENT STUDY
The dissertation is organized into three scientific papers included as appendices. The
first paper, ”Comparing and improving methods for reconstructing peatland water-table
depth from testate amoebae,” is accepted for publication in The Holocene. The second pa-
per, ”Using co-located lake-level and bog water-table depth records to understand Holocene
climate and vegetation changes in Maine,” is prepared for submission to Quaternary Sci-
ence Reviews. The final paper, ”Coherent mid-to-late Holocene hydrologic variability
across temporal scales in mid-latitude Eastern North America,” is prepared for submis-
sion to Earth and Planetary Science Letters. Each paper is co-authored, but I am the lead
and corresponding author. I led the research design, performed the analyses, and wrote the
manuscripts. This chapter provides a brief overview of each paper.
2.1. Comparing and improving methods for reconstructing peatland water-table depth
from testate amoebae
Paper one presents a new Bayesian method for reconstructing peatland water-table
depth from testate amoebae. I compare the performance of a new Bayesian method to
six existing transfer function methods in cross-validation and in down-core reconstruction
using a new testate amoebae record from Caribou Bog in Maine.
In cross-validation, the modern analog technique (MAT) performed best, followed by
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weighted averaging (WA), weighted averaging of partial least squares (WAPLS), and the
Bayesian method. MAT is not widely used for testate amoebae due to issues with down-
core analog quality, related to differential preservation of some taxa. WA and WAPLS
are commonly used and this analysis suggests they are reasonable models to use. The
Bayesian method performs well and more fully accounts for uncertainties in reconstruc-
tion. Bayesian methods will be useful for future work integrating reconstructions across
a network of testate amoeba-based water-table depth records, quantitative calibration of
reconstructed water-table depths, and use in a data assimilation framework.
The reconstructions from Caribou Bog that result from the seven different transfer func-
tions are broadly consistent, but they diverge in some details. Without an independent con-
straint, I cannot conclude that one model is ”right” and another is wrong, but investigating
the causes of differences between reconstructions in the underlying data yields testable
ecological hypotheses and insights into transfer function sensitivities. Applying a range of
different methods in reconstruction illustrates model choice as a source of uncertainty in
paleoenvironmental proxies based on compositional data.
2.2. Using co-located lake-level and bog water-table depth records to understand Holocene
climate and vegetation changes in Maine
The second paper presents and validates new co-located lake-level and bog water-table
depth records from Maine. I compare the new reconstructions and combine them to produce
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an integrated reconstruction of past hydroclimate variability and change. Finally, I use the
integrated reconstruction to interpret a new pollen record and investigate the climate drivers
of Holocene vegetation change in northern New England.
The lake-level record from Giles Pond shows an insolation-driven long-term trend to-
ward wetter conditions with multi-centennial variability consistent with existing lake-level
records from southern New England. The water-table depth record from Caribou Bog
exhibits characteristic decadal-to-multidecadal variability superimposed on low-frequency
trends that, in bog records, are often related to non-climatic processes. I removed the low-
frequency variability to generate a detrended record that emphasizes decadal-to-multidecadal
water-table depth variability. I smooth the detrended water-table depth record and compare
it to the detrended lake-level record and find general agreement, suggesting these two di-
verse proxies sense similar latent climate variability. I combine the records by adding the
z-scores of the lake-level and detrended water-table depth records together. The combined
hydrologic record leverages the strengths of each record for a more complete understanding
of past hydroclimate variability. The integrated record explains decadal to multicentennial
variability in my new pollen record. Overall, this paper illustrates the utility of developing
and combining multiple proxy records to better understand Holocene hydroclimate changes
and their ecological implications
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2.3. Coherent mid-to-late Holocene hydrologic variability across temporal scales in mid-
latitude Eastern North America
The third paper introduces two new records from northeastern Minnesota, a 6,200-year
lake level reconstruction from Knuckey Lake and a 1,000 year water-table depth record
from 1500-500 cal yr BP from Ely Lake Bog. I introduce each record in the context of
Minnesota paleoclimate and paleoecology, and then broaden the scope to compare the new
records to the networks of existing bog water-table depth and lake-level records from mid-
latitude North America.
Sub-regional coherency is dominant in the network of bog water-table depth records
over the past 2000 years. Records from the Upper Midwest show major dry events at 1000
and 750 cal yr BP, whereas the records from from Maine agree on a dry event 500 years
ago. In the lake-level network, there is coherent multi-centennial variability between lake-
level reconstructions across the eastern United States over the past 6,200 years. This paper
highlights the utility of consistent reconstruction methodologies and single-proxy networks
to control for the complex responses of Holocene terrestrial hydroclimate proxies.
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A.1. Abstract
Proxies that use changes in the composition of ecological communities to reconstruct
temporal changes in an environmental covariate are commonly used in paleoclimatology
and paleolimnology. Existing methods, such as weighted averaging and modern analog
technique, relate compositional data to the covariate in very simple ways, and different
methods are seldom compared systematically. We present a new Bayesian model that bet-
ter represents the underlying data and the complexity in the relationships between species’
abundances and a paleoenvironmental covariate. Using testate amoeba-based reconstruc-
tions of water-table depth as a test case, we systematically compare new and existing mod-
els in a cross-validation experiment on a large training dataset from North America. We
then apply the different models to a new 7500-year record of testate amoeba assemblages
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from Caribou Bog in Maine and compare the resulting water-table depth reconstructions.
We find that Bayesian models represent an improvement over existing methods in three key
ways: more complete use of the underlying compositional data, full and meaningful treat-
ment of uncertainty, and clear paths toward methodological improvements. Furthermore,
we highlight how developing and systematically comparing methods leads to an improved
understanding of the proxy system. This paper focuses on testate amoebae and water-table
depth, but the framework and ideas are widely applicable to other proxies based on com-
positional data.
A.2. Introduction
For more than a century, paleoecologists, paleolimnologists, and paleoceanographers
have tried to infer environmental changes from temporal changes in the composition of
ecological communities preserved in sediments (Edwards et al., 2017). Early work focused
on qualitative assessments of the environmental affinities of different species or groups of
species (von Post, 1918; Hustedt, 1937-39; Iversen, 1944; Phleger, 1953; Nygaard, 1956;
Wright Jr. et al., 1963). By the 1970s, qualitative approaches began to give way to quanti-
tative reconstructions. This shift was led by formative work of John Imbrie and colleagues.
In a benchmark paper, Imbrie and Kipp (1971) introduced a framework for quantitative re-
construction of past environments from compositional data using transfer functions (Imbrie
and Kipp, 1971; Imbrie et al., 1973). Transfer functions aim to formally and quantitatively
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relate changes in the composition of an ecological community to changes in a paleoenvi-
ronmental covariate.
Imbrie’s work centered on the marine realm, using foraminifera to reconstruct past sea
surface temperatures. However, similar techniques were simultaneously being developed
for paleoclimatological inference from terrestrial data (e.g. pollen) (Webb and Bryson,
1972; Imbrie and Webb, 1981) and were soon applied to other kinds of paleoecological
data. Researchers have successfully used many different types of organisms to infer many
different target variables. Some examples include: reconstructing temperature and precipi-
tation changes via changes in the surrounding vegetation as recorded by pollen (Webb and
Bryson, 1972), inferring bog water-table depth histories using changes in testate amoebae
assemblages (Warner and Charman, 1994; Woodland et al., 1998), and generating records
of lake pH and salinity based on the types of diatoms living in the lakes and preserved in
sediment cores (Battarbee et al., 2002).
In particular, diatom-based pH reconstructions were a key testbed for development of
quantitative methodologies. Researchers applied many possible methodologies to the prob-
lem of how to best reconstruct the pH of lakes based on diatom assemblages preserved in
sediments (Battarbee, 1984; Charles, 1985; Davis et al., 1985; Renberg et al., 1985; Oehlert,
1988; Birks et al., 1990). This work led to application of diatom-based pH reconstructions
in Europe and the United States as a key line of evidence in determining the effects of acid
precipitation on lake systems. Ultimately, these paleolimnological studies were a major
factor in environmental policy changes, including the 1990 amendments to the Clean Air
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Act (Smol, 2009).
Applications of transfer functions have continued to the present, including important
work to understand potential pitfalls and improve inferences. Examples include under-
standing the effects of spatial autocorrelation (Telford and Birks, 2009), differential preser-
vation (Mitchell et al., 2008), and considering appropriate ecological models (Juggins,
2013). Furthermore, there has been important work on cross-validation and uncertainty
estimation (Telford et al., 2004; Payne et al., 2012; Trachsel and Telford, 2016). Despite
these advances and applications, there has been little fundamental rethinking of the under-
lying methodologies (Birks and Simpson, 2013): simple models like weighted averaging
are still widely used in paleoenvironmental reconstructions from paleoecological data.
A logical step towards innovation for proxies based on compositional data is to take ad-
vantage of state-of-the-art Bayesian statistical techniques. Bayesian methods have started
to be applied to compositional data (Toivonen et al., 2001; Salonen et al., 2012), but they
have not seen wide use in the community. Bayesian models allow for a more realistic rep-
resentation of underlying ecological responses to changes in the environment, inference
on the underlying ecological processes, and a more formal and thorough treatment of all
sources of uncertainty.
Uncertainties are a key part of any proxy reconstruction because they represent our
confidence in the inferences being made. Paleoclimate records based on compositional
data are important indicators of terrestrial climate over the Holocene (Marlon et al., 2017;
Shuman et al., 2018). Thus, when these proxies are used in climatic synthesis and data
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assimilation efforts such as PAGES2k (Hydro2k, 2017), the Last Millennium Reanalysis
(Hakim et al., 2016), and the Paleoecological Observatory Network (PalEON) (Marlon
et al., 2017), meaningful estimation of uncertainties is necessary to combine and weigh
the data coming from the many different sources. It is therefore critical to question and
improve inference and uncertainty estimation for proxies based on compositional data.
In this paper, we apply Bayesian statistical tools to the problem of reconstructing an
environmental covariate from compositional data. We compare Bayesian methods to a
range of existing methods in cross-validation and in reconstruction. The framework we
use is general and potentially applicable to any proxy based on compositional data, but we
focus on testate amoeba-based reconstructions of water-table depth in ombrotrophic peat
bogs.
Testate amoebae are single-celled organisms that live on the surface of bogs and in
lakes, wetlands, etc. The community composition of testate amoebae living on the surface
of ombrotrophic bogs is sensitive to changes in the surface wetness of the bog. Our op-
erational measure of surface wetness is water-table depth. Water-table depth is measured
relative to the peat surface with high values corresponding to deep water-tables (dry surface
conditions), low values indicating wetter surface conditions, and negative values indicating
standing water (Booth, 2008).
Testate amoebae are a prime target for methodological comparison because we have
a large training dataset of surface samples from bogs across North America and a new
7,500-year long testate amoebae record from Caribou Bog in Maine. First, we introduce
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those datasets. Then, we review existing methods for developing transfer functions and
introduce our new Bayesian model. Next, we apply these models to the training dataset
and perform a cross-validation experiment to test their predictive skill. Finally, we use
the models to reconstruct water-table depth and compare the resulting reconstructions. We
discuss specific implications of our results for testate amoebae-based water-table depth
reconstructions and general implications for proxies based on compositional data.
A.3. Data and methods
A.3.1. Modern surface sample training dataset
Paleoenvironmental reconstruction from compositional data requires a modern train-
ing dataset, in which both the community assemblage and the environmental covariate are
measured for a number of sites distributed in space. The training dataset should sample
the full range of covariate values expected in reconstruction. Developing a training dataset
entails measuring the depth to the water-table (the environmental covariate) at many sites
on many peatlands, collecting surface samples from the locations of the water-table depth
measurements, and, back in the lab, processing the surface sample and counting the testate
amoeba assemblage under a microscope.
We used a large modern training dataset of 978 samples from 68 sites in North America
(Figure A.1). This dataset contains samples from Booth (2002), Booth (2008), Booth and
Zygmunt (2005), and Markel et al. (2010). For the 378 samples from the Booth (2008)
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dataset the water-table depths were measured using the method of PVC-tape discoloration
(Booth et al., 2005). This technique produces a measurement of average water-table depth
over a season, which can lead to a water-table depth estimate more directly analogous to
the temporal integration of the testate amoeba surface samples, which are collected instan-
taneously but represent time-averaged death assemblages (Booth, 2008). The water-table
depths for samples from datasets other than Booth (2008) were measured instantaneously
at the time of collection. For 27 samples the true water-table depth was not measured be-
cause it was greater than 50cm below the surface of the bog. These samples were not used
because the transfer function methods are not statistically robust to this type of censoring,
and in particular, the censored observations affect the convergence of the Bayesian statisti-
cal models as formulated in this paper. We note that the elimination of these dry samples
may have resulted in a loss of ecological information for some taxa, like Hyalosphenia
subflava.
Our training dataset, then, consists of 951 samples. In practice, this looks like a vector,
Y , of 951 measured water-table depths and a matrix, X , where each of the 951 lines cor-
responds to the observed testate amoeba assemblage from each site. Each column of the
matrix X corresponds to a different testate amoebae species.
A.3.2. Site Description and Lab Methods: Reconstruction Dataset
Caribou Bog (44.985 N, 68.814 W; elevation: 39 m) is a raised, ombrotrophic peat bog
































FIGURE A.1. Map showing the sites that make up the modern training dataset sites (blue
circles) and the site of the new water-table depth reconstruction, Caribou Bog (orange
diamond). Panel A shows the continental USA, Panel B shows the training dataset sites in
Alaska, and Panel C zooms in on Maine and the surrounding area.
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Pushaw Stream wetlands) lies in a series of north-northwest to south-southeast trending
features and covers approximately 2400 hectares.
The post-glacial development of the peatland has been chronicled by Gajewski (1987)
and Hu and Davis (1995). Briefly, after the Laurentide ice sheet receded, the isostatically
depressed site was flooded by ocean water. Approximately 14,800 years before present,
as the land surface emerged from the sea, an unproductive glacial lake formed. Eventu-
ally, organic sediment deposition began, with the oldest organic sediments found by Hu
and Davis (1995) dating to approximately 12,300 cal yr BP. A peatland began to form
via terrestrialization around 11,000 yr BP. This began first as a limnic sedge fen before
transitioning to an ombrotrophic wooded fen (8300-9000 cal yr BP), and finally a Sphag-
num-dominated peatland (∼6400 cal yr BP) (Hu and Davis, 1995). The site has remained
a Sphagnum-dominated ombrotrophic peatland to the present. The dates of the transitions
varied in different parts of the bog (Hu and Davis, 1995) and our core suggests that the site
was Sphagnum-dominated as far back as 7500 cal yr BP, but the above provides a general
trajectory.
The modern vegetation at the site is an open Sphagnum-Ericaceae peatland with scat-
tered, isolated Picea. There is a narrow Alnus swamp around the edge of the bog (Gajewski,
1987). The surrounding forests contain secondary Betula papyrifera, Abies, and Popu-
lus. Prior to European settlement Tsuga canadensis and Pinus were common in the area
(Gajewski, 1987).
Sediment cores were collected in the summer of 2014. We used a 4-inch diameter
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modified piston corer (Wright et al., 1984) to collect the top 251cm in three drives. We
then used a Russian (Jowsey) peat corer to collect 96cm further in two drives for a total of
347cm. In the lab, the cores were cut into contiguous 1 cm sections and subsampled for
testate amoebae and radiocarbon analyses.
We obtained a 1 cm3 subsample from each 1 cm section of the core for analysis of
testate amoebae and pollen and prepared them using standard techniques based on Booth
(2010). Samples were boiled in water, sieved to retain the fraction between 15 and 250
micrometers, dyed with Safranin O, cleaned via two rounds of centrifugation, and stored
in glycerol. Testate amoebae were identified and counted at 400x optical magnification to
a count of at least 100 individuals per sample.
We obtained 24 radiocarbon dates on Sphagnum stems to develop a chronology for
the core (Table B.1). Using these dates and the year of collection, we developed an age-
depth model with Bchron (Parnell, 2014) (Figure B.1). The basal age is approximately
7500 calibrated years before present. The age model and core lithology show no signs of
depositional hiatuses. Sedimentation times range from 5 yr/cm to 30 yr/cm with an median
of 18 yr/cm. These are consistent with the regional priors established by Goring et al.
(2012).
A.3.3. Models
Basic problem There are a variety of methods to estimate environmental covariates from
compositional data. Some of these tools have ties to formal statistics; others have developed
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through domain experts’ intuition (Birks, 1998; Juggins and Birks, 2012). Regardless of the
complexity or connection to formal statistics, the most widely used methods are underlain
by similar general assumptions (Imbrie and Webb, 1981; Juggins, 2013).
The basic idea, following Imbrie and Webb (1981), is that the ecological community
assemblage, Y , is related to the value of some environmental covariate X via an ecological
response function Re, such that
Y = Re(X).
In general, we are interested in the inverse prediction problem where we know the ecolog-
ical assemblage and want to predict the covariate,
X = φ(Y ),
where φ(Y ) is a so-called transfer function. Having set up this basic problem, we in-
troduce the models that have been used to predict Y based on X . First we discuss weighted
averaging (WA), weighted averaging partial least squares (WAPLS), and maximum like-
lihood response curves (MLRC). These models treat the response of each species to the
covariate independently. Then, we introduce two methods that approach the problem dif-
ferently: modern analog technique (MAT) and random forest (RF). These models use the
full assemblage simultaneously to estimate the covariate. Next, we discuss uncertainty esti-
mation for WA, WAPLS, MLRC, MAT, and RF. Finally, we introduce the Bayesian models
(BUMMER and MVGP) which are logical extensions and formalizations of the first set of
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models. The Bayesian approaches model the ecological response of individual species, but
in the Bayesian models the responses are modeled jointly to respect the sum-to-N nature of
the data.
Weighted Averaging, Weighted Averaging of Partial Least Squares, and Maximum Likeli-
hood Response Curves These three transfer function methods are based on the idea that
the ecological response of each species to a covariate can be summarized by an optimum
value at which the species is most abundant (Gauch and Whittaker, 1972). Weighted aver-
aging (WA) is a very simple procedure that can be written in two equations. First, from the






Then, these estimated optima, µˆk are then used to estimate the unobserved covariate, x




The range of WA-inferred covariate at this point is greatly reduced (”shrunk”) compared
to the observed range in the training dataset. To correct for this, a linear regression is used to
”deshrink” the predictions (ter Braak and van Dame, 1989; Birks et al., 1990). This can be
done in two ways: so-called ”classical” deshrinking regresses the inferred covariate values
onto the observed covariate values from the training set, whereas ”inverse” deshrinking
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regresses the observed values onto the inferred values. Classical deshrinking produces a
larger range of ”deshrunk” values. Recent work has suggested using a smooth, monotonic
spline regression instead of the standard linear regression. (Birks and Simpson, 2013). We
suggest that deshrinking to improve the raw WA predictions using a simple regression can
be thought of as ”boosting” in the language of machine learning. Boosting is defined as
using a set of ”weak learners” to produce a ”strong learner” (Schapire, 1990). The raw WA
predictions and the linear regression on their own are weak models; combined together they
produce a stronger model.
Despite the simplicity of WA, it has continued to be successful, with wide applications
in paleoclimate inference (e.g., Birks and Simpson (2013), Clifford and Booth (2013),
and Amesbury et al. (2016)). Some modifications to WA have been proposed including
emphasizing species with narrow tolerances by weighting each species by the inverse of
their tolerances (ter Braak and van Dame, 1989), but in practice this generally has little
effect (Juggins and Birks, 2012). Another recent suggested modification was to perform
WA on traits instead of species (van Bellen et al., 2017). The trait-based transfer function
performed similarly to standard WA on species.
A modification of WA that can significantly improve predictions in some cases is
weighted averaging of partial least squares (WAPLS) (ter Braak and Juggins, 1993). As the
name suggests, WAPLS combines the weighted averaging method described above with
partial least squares, a dimension-reduction algorithm comparable to principal components
analysis. WAPLS with a single PLS component is equivalent to standard WA. Each ad-
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ditional WAPLS component can be thought of as performing weighted averaging on the
residuals of WA to improve the estimation of the optima. For details of the algorithm the
reader is referred to ter Braak and Juggins (1993) and Juggins and Birks (2012). We suggest
that, similar to the deshrinking, WAPLS is another example of boosting (Schapire, 1990).
In this case, the weak-learner WA is being applied multiple times to produce a stronger
learner.
Weighted averaging can be thought of as a simplification of maximum likelihood re-
sponse curves (MLRC) (ter Braak and van Dame, 1989; Oksanen et al., 1990; Birks et al.,
1990). Instead of summarizing a species’ response to the covariate with a simple optima
(as in WA), MLRC fits a Gaussian response curve for each species, in turn. Then, in predic-
tion, the curves are used in a maximum likelihood framework to estimate the environmental
covariate for an observed assemblage. MLRC is not widely used because the curves are
difficult to fit within the Maximum Likelihood framework and the model often does not
perform as well as WA or WAPLS (Juggins and Birks, 2012).
Modern Analog Technique and Random Forest Whereas WA, WAPLS, and MLRC use the
response of each individual species to predict the covariate, a different approach, Mod-
ern Analog Technique (MAT), uses the full assemblage at once to estimate the covariate
(Jackson and Williams, 2004). MAT uses the same training data set, but instead of estimat-
ing a species by species response to the covariate, MAT assumes that similar assemblages
should be associated with similar covariate values. To estimate the covariate for a given
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assemblage, MAT finds the k-closest analog assemblages in the training dataset based on
a multidimensional distance metric. There are many possible choices for distance metrics,
each with unique strengths and weaknesses (Prentice, 1980), but chord distance has be-
come widely used for compositional data (Overpeck et al., 1985). The analog assemblages
identified in the training set are each associated with a value of the covariate. For the assem-
blage of interest, the covariate is estimated by taking the mean (could use median or some
weighted mean as well) of the covariates of the analog assemblages. In statistics, MAT is
known as k-nearest neighbors. MAT has not been widely applied to testate amoebae, but it
is commonly used in reconstruction of paleoclimate from pollen and other compositional
data.
Another analytical approach we apply to the data is Random Forest (RF) (Breiman,
2001). RF is a common machine learning technique. Like MAT, RF generates predic-
tions by identifying analogs, but RF uses a very different algorithm. Instead of using a
simple multivariate distance metric, RF creates a large number of dichotomous decision
trees to identify analogs. RF begins by creating bootstrapped versions of the modern train-
ing dataset: the modern training dataset is randomly sampled with replacement to create a
bootstrapped training set of the same size as the real training dataset. Then for each boot-
strapped training dataset, RF begins a dichotomous decision tree by choosing a random
subset of species and identifying which of those species best splits the observed covariate.
This process is repeated at each node until a full decision tree is grown. RF stops when each
terminal node satisfies a ”stop” condition by containing only a small number of observa-
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tions or not being able to make a meaningful further split. Many different trees are created
to make a ”random forest”. Then, to make a prediction an assemblage is run through all of
the decision trees. The predicted value of the covariate is the average of the covariate value
for each of the terminal nodes identified for the sample over all the trees. For details the
reader is referred to Breiman (2001) and Liaw and Wiener (2002).
Uncertainty Estimation WA, MLRC, MAT, and RF do not produce full predictive distribu-
tions, so uncertainty must be estimated. This estimation is done by bootstrap re-sampling
of the data (Birks et al., 1990; Liaw and Wiener, 2002; Juggins, 2017). This re-sampling of
the data approximates the re-sampling of the parameters that is done in Bayesian statistics
to produce a full predictive distribution (Hobbs and Hooten, 2015).
We illustrate the bootstrap process by describing its implementation for WA. The pro-
cess is similar for the other models. Each bootstrap cycle begins by randomly drawing
from the training set (with replacement) to create a new modern training dataset the same
size as the full modern training dataset. The samples in the full training data that are not a
part of the bootstrap sample are used as an out-of-sample validation test set (approximately
one-third of total number of samples is out-of-sample per bootstrap sample). For each
bootstrapped training set, the model is fit to the bootstrap sample and predictions of the
covariate are generated on the out-of-sample bootstrap validation data. The bootstrapping
is run for a large number of iterations, say, 1000, and the out-of sample predicted covariate
values are compared to their respective observed values. Using the predictive distribution
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and the observed distribution, the root mean-square prediction error is calculated. The first
component of the mean square prediction error, called v1, is intuitive: v1 is the variability in
the estimation of the taxon optimum values µˆk across all of the bootstrap samples. This er-
ror component varies for each of the reconstruction samples. The v1 error approaches zero
as the size of the calibration dataset increases. The second component, v2, is the difference
between the measured covariate values and the predicted covariate values when a sample
is in the bootstrap test set. This error component arises from variation in taxon abundance
for a given covariate value and does not vary between reconstruction samples. Using the
language of statistical learning, we can call v1 the reducible error (the error that decreases
as sample size increases) and v2 irreducible error. Irreducible error consists of variation
that cannot be modeled by the method in question except as a random process.
WA, MLRC, MAT, and RF fail to account for the uncertainty in translating multinomial
counts to proportions. For example, we are much more certain that an underlying compo-




3) if our count vector is (500,500,500) than if the observed count vector is
(5,5,5). WA, MLRC, MAT, and RF do not consider the underlying counts, instead they
begin with observed proportions and thus lose some information about the uncertainty in
those proportions. Previous work on the influence of count number on transfer function
performance found that count totals from 50-150 performed similarly (Payne and Mitchell,
2009), but this work did not consider the uncertainties in going from counts to proportions.
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Bayesian approaches Bayesian statistics allows us to efficiently fit more complex and re-
alistic mechanistic models. Bayesian approaches begin by mathematically specifying all
parts of the process and their interrelations. These processes generally form a natural hi-
erarchy that in Bayesian models manifests as a series of conditional probabilities. This
is called a Bayesian hierarchical model (Hobbs and Hooten, 2015). Bayesian hierarchical
models can flexibly account for all sources of uncertainty within a model (or even between
models if Bayesian Model Averaging is used (Hoeting et al., 1999)). Bayesian hierarchical
models can capture more complexity in ecological responses to an environmental covariate,
jointly estimate taxon responses to the environmental covariate, and model the data in the
form they were generated. Bayesian models used in this paper are also generative models
(Gelman et al., 2017), meaning they can be used to simulate data. Simulation studies can be
useful to better understand the data and system (Tipton et al., 2019). Here we consider two
Bayesian models: BUMMER (Toivonen et al., 2001) and a new model we call multivariate
Gaussian process (MVGP; (Tipton et al., 2019)).
BUMMER (Toivonen et al., 2001) is a Bayesian unimodal response model that can be
thought of as a Bayesian version of MLRC in that it models the response of each taxon
to the changes in the covariate as a Gaussian kernel. BUMMER assumes the functional
relationship between taxon abundance and environmental covariate can be reasonably ap-
proximated using a bell-curve shape. BUMMER has been applied to paleoenvironmental
reconstructions based on chironomids (Toivonen et al., 2001) and pollen (Salonen et al.,
2012) with some success, but has not been used on testate amoebae previously.
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Multivariate Gaussian process (MVGP) is a Bayesian hierarchical model that relaxes
the assumption of a unimodal response. MVGP requires only a smooth response and uses a
flexible B-spline or Gaussian process (here we use the B-spline version) to fit each taxon’s
response to the covariate. This allows for more complex and realistic functional responses
of species’ abundance to the covariate (Tipton et al., 2019). Other choices of functional re-
sponse, not explored in this paper, include low-rank correlated Gaussian processes, penal-
ized B-splines, and shape-restricted splines constrained to be unimodal but not necessarily
bell-shaped.
The process for fitting and predicting with these Bayesian models is similar for both
MVGP and BUMMER. As with all of the other methods, these models begin with the
modern calibration dataset, and like WA, WAPLS, and MLRC these Bayesian approaches
seek to model the relationship between the abundance of each taxon and the covariate (Fig-
ure A.2). These Bayesian models fit the relationship jointly meaning that if one species has
a high abundance at a particular value of the covariate at least one or more other species
must be lower. The Bayesian models start with the counts collected by the analyst then
the model accounts for large variation in composition at a given covariate value by using
a Dirichlet-Multinomial distribution. Both BUMMER and MVGP model the latent func-
tional response between abundance and the covariate. Both Bayesian models are fit to the
training data using Markov Chain Monte Carlo to generate a posterior distribution. The
posterior estimates of parameters are then used to generate posterior predictions of the co-
variate given an assemblage either from the test data (in cross-validation) or from sub-fossil
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samples downcore (in reconstruction). The posterior predictions are generated by inverting
the functional relationship between abundance and the environmental covariate, produc-
ing a proper probability distribution for each covariate in the dataset.
MVGP and BUMMER have a few notable features. First, instead of converting counts
to proportions, both models begin with compositional count data. It is better to model the
data in the manner the data were collected than to transform the data to fit a specific model
because data transformations done before the modeling can introduce uncertainty that can
be difficult to account for. For example, we know that the compositional count data have
variability that is unaccounted for in the traditional models. By modeling the compositional
counts with a Dirichlet-Multinomial likelihood, the Bayesian hierarchical models are better
able to account for the overdispersion observed in the data while automatically satisfying
the sum-to-one constraint. MVGP jointly fits a functional relationship between abundance
and the covariate using B-splines. The B-spline functional relationship is capable of cap-
turing potentially asymmetric and/or multi-modal responses in a species’ relative abun-
dance along an ecological gradient (Hefley et al., 2017). These potentially more complex
functional responses to the covariate are not accommodated by models based on unimodal
distributions or a simple mean (i.e. BUMMER, WA, MLRC). There are many potential av-
enues for modifying these Bayesian models to improve the predictions. Some ideas include
accounting for interactions among species, adding spatially/temporally correlated random
effects to model overdispersion in the data, and clustering species with similar responses to
the environmental covariate to reduce the number of parameters that need to be estimated.
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A.3.4. Cross-validation and scoring rules
We use cross-validation to evaluate the performance of all of these models introduced
above. Cross-validation consists of five steps: i) setting aside a subset of the data (the test
set), ii) fitting a model using the remaining data (the training set), iii) generating predictions
about the test set, iv) evaluating the predictions about the test set, and v) repeating the pro-
cess with different test and training sets. In statistics and machine learning, cross-validation
performance of a model gives a good indication of the performance of a predictive model
on novel data (Hooten and Hobbs, 2015). If a model’s predictions are accurate and pre-
cise under cross-validation then it is generally reasonable to assume that the quality of the
predictions will generalize to new data. This generalizability is a critical property in pa-
leoclimate reconstruction because there are often no direct measurements of the covariate
of interest for the reconstruction samples. Recent work on transfer function validation has
highlighted the usefulness of independent test sets, such as modern samples not included
in the training set Payne et al. (2012); Van Bellen et al. (2014); Tsyganov et al. (2016) or
instrumental data (Swindles et al., 2015). In the case where these are unavailable, cross-
validation remains the state-of-the-art and is commonly used to evaluate competing models
in statistics and machine learning. For this study, no independent test set or instrumental
data are available, so we perform a 10-fold cross-validation and use the following scoring
rules to evaluate the strengths and weaknesses of the predictions coming from the seven
models under comparison
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Evaluation of model performance using cross-validation requires a choice of scoring
rule. Commonly used scoring rules include mean square prediction error (MSPE) and mean
absolute error (MAE). MSPE measures the model’s skill in predicting the mean while MAE
measures skill in predicting the median. Smaller MSPE and MAE indicate better model
performance.
A desirable property of a scoring rule is propriety. A scoring rule is proper if the scoring
rule chooses the best predictive model on average. In practice, proper scoring rules have
a similar interpretation to many other statistical quantities: for any given dataset a proper
scoring rule might not pick the best model due to sampling variability, but a proper scoring
rule will pick the best predictive model over repeated re-sampling. MSPE and MAE are
generally not strictly proper scoring rules because if there are two models with the same
predictive mean but different predictive standard deviations, the models will have the same
MSPE but the model with 95% predictive coverage intervals closest to a 95% frequency is
the better predictive model. Therefore, MSPE is unable to determine the better predictive
model and is not strictly proper. The Continuous Ranked Probability Score (CRPS) was
developed to be a proper scoring rule that is both accurate (predictive mean is centered
on the latent quantity) and precise (the predictive distribution is calibrated so the the α%
predictive distribution has empirical coverage near α% (Gneiting, 2011). For the non-
Bayesian methods the CRPS score is equivalent to MAE because these methods do not
produce full predictive distributions.
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A.3.5. Computing methods
Analyses were done in R (R Core Team, 2017). WA, MLRC, and MAT were fit with
the rioja package (Juggins, 2017). RF was fit using the package randomForest (Liaw and
Wiener, 2002). BUMMER was fit using Stan (Carpenter et al., 2016). MVGP was fit using
the BayesComposition package, available on GitHub at github.com/jtipton25/BayesComposition.
The BayesComposition repository also includes code and data to replicate the figures and
analyses in this paper.
A.4. Results and discussion
Because WA and WAPLS are the most commonly used transfer function methods in the
analysis of testate amoebae, we focus our analysis on the performance of WA and WAPLS
compared to the Bayesian models with some brief discussion of the broader suite of models.
A.4.1. Fits to training set
Figure A.2 illustrates the model fits to the training dataset by comparing MVGP, WA,
and WAPLS. Each taxon’s distribution of abundances is plotted as a function of water-table
depth (WTD). The response curves generated by MVGP and the raw WA optima, deshrunk
WA optima, and WAPLS optima are plotted for each taxon. The plots of abundance versus
water-table depth illustrate the strongly over-dispersed nature of the data and the difficulty
of summarizing these distributions with a simple mean. The distributions of some taxa may
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MVGP and WA vs. depth by species
FIGURE A.2. Species abundance versus water-table depth (in cm) from the samples in the
training dataset (points). The smooth curves are from Multivariate Gaussian Process for
each species. The solid vertical lines are the raw optima from weighted averaging (WA).
The dashed vertical lines are the deshrunk WA optima. The dot-dash vertical lines are the
coefficients from weighted averaging of partial least squares after five partial least squares
components.
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be reasonably summarized by an optimal water-table depth (e.g., Amphitrema wrightianum
and Pseudodifflugia fulva-type). The distributions of other species, however, are clearly
not well-represented by the WA optima (e.g., Assulina muscorum and Trigonopyxis ar-
cula). For many species, the deshrunk WA optima and the WAPLS-derived coefficient are
comparable, but there are many notable differences. For some species (e.g., Hyalosphenia
subflava, Nebela collaris-bohemica-type, and others) the WAPLS-derived coefficients are
significantly different from what a visual inspection of the distribution might suggest. The
species coefficients derived from WAPLS with multiple components (here we are using
two PLS components) become no longer interpretable as optima of the ecological distribu-
tions. Instead, they are regression coefficients meant to give a better overall prediction of
the covariate (Juggins and Birks, 2012).
A.4.2. Cross-validation experiment
We performed a 10-fold cross-validation experiment. Each of the 951 samples in the
training set were in the test set for exactly one of the cross-validation folds. Figure A.3
shows the observed versus predicted water-table depths with a one-to-one line and a linear
fit. We also calculated four scoring metrics to numerically evaluate the cross-validation
results (Table A.1).
The results of the cross-validation show a clear bias-variance trade-off in both the plots
of observed vs. fitted WTD (Figure A.3) and in the scores (Table A.1). WA, WAPLS, MAT,
and RF all show significant bias in the plots of observed vs. predicted WTD as evidenced
53
FIGURE A.3. Observed versus predicted water-table depth (cm) for each model from the
10-fold cross-validation experiment on the training dataset of 951 surface testate amoebae
assemblages. Red lines in each panel indicate the one-to-one line. Blue lines in each panel
are a linear fit of the observed vs. predicted water-table depths. Error bars denote the 95%
credible interval
by an offset of the linear fit (blue line) from the one-to-one line (red line). This induced
bias, a shrinkage to the mean, allows for generally smaller standard deviations. In contrast,
MVGP, Bummer, and MLRC have smaller bias but larger variance.
This bias-variance tradeoff is also apparent in the cross-validation scores (Table A.1).
MAT, RF, WA, and WAPLS have the smallest MSPE and MAE (metrics of prediction
accuracy for the mean) compared to MLRC, which has the largest MSPE and MAE, and
MVGP and BUMMER which are intermediate.
54
Table A.1. Scoring results from 10-fold cross-validation experiment performed on the
modern training dataset. Lower scores for MSPE, MAE, and CRPS indicate better per-
formance. For coverage, better performance is indicated by values closer to the nominal
rate (in this case, 95%).
MVGP BUMMER WA WAPLS MLRC MAT RF
MSPE 121.05 111.65 89.99 86.38 193.14 71.99 74.30
MAE 8.32 8.08 7.20 7.02 10.04 6.24 6.22
95% CI coverage 75% 75% 95% 98% 94% 73% 95%
CRPS 6.27 6.06 7.20 7.02 10.04 6.24 6.22
WA, WAPLS, MLRC, and RF all have 95% CI coverage close to the nominal rate. The
Bayesian methods (MVGP and BUMMER) had the lower coverages, approximately 75%,
for their 95% credible intervals. This is likely due to over-dispersion in the count data
beyond what can be accounted for by the Dirichlet-Multinomial likelihood.
For CRPS, the integrated mean and variance score, BUMMER performs best, followed
by MVGP, RF, and MAT, then WA and WAPLS. MLRC performs worst.
A.4.3. Will skill in cross-validation generalize to novel data?
The goals of model evaluation under cross-validation are to estimate how well the pre-
dictive model can generate predictions on novel data. In our experiment, we consider a
variety of methods that have relative predictive strengths and weaknesses. WA, WAPLS,
MAT, and RF are generally good predictive methods, but are not based on a statistical like-
lihood. Thus, their predictive ability does not come with any of the statistical guarantees
like the ”law of large numbers.”
Furthermore because MAT and RF rely on finding analogs to generate predictions, their
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predictive skill can only generalize to new data when there are reasonable analogs for the
new data in the training set. In cross-validation this is unlikely to be important, but non-
analog issues can become a source of bias when generating predictions down-core. MAT is
not widely used for reconstructions with testate amoeba datasets due to these difficulties of
finding good analogues downcore (Charman, et al. 2007), but because MAT is still widely
used with other sources of compositional data (Simpson, et al. 2005; Marsicek, et al.
2018), we have retained it here for completeness. There are many possible sources of non-
analog assemblages, but one potential source for testate amoebae-based reconstructions is
differential preservation of certain types of tests (Mitchell et al., 2008). Thus, it is important
to check if there are good analogs for the down-core samples in the training dataset. To do
this we calculated the squared chord distance of the accepted analogs for each sample in
the training set in cross-validation and for each sample in the Caribou Bog core. We found
that the Caribou Bog samples had systematically worse analogs than the training dataset
(Figure A.4A). We then looked at these analogs in the time domain and found there is no
clear temporal trend in accepted analog distance (Figure A.4B), but there does appear to
be some serial autocorrelation with some periods having better analogs and some having
worse analogs in the training dataset.
This analysis provides evidence that the strong predictive skill of MAT, RF, WA, and
WAPLS in cross-validation may not generalize to predictive skill in reconstruction, a fea-
ture that is common in Quaternary paleoclimate and paleoecology (Jackson, 2012). On the




























FIGURE A.4. A. Squared chord distances of the accepted analogs from Modern Analog
Technique (MAT) for the training dataset (red) and reconstruction dataset from Caribou
Bog (blue). Smaller squared chord distance corresponds to more similar assemblages.
The training dataset contains many good analogs for the assemblages within the training
dataset (distances for the red density curve are small) whereas the distances of the analog
assemblages for the reconstruction dataset are larger and thus not as similar. B. Time series
of the median squared chord distance from the accepted analog assemblages in the training
dataset to each assemblage in the Caribou Bog reconstruction dataset. This panel shows
temporal evolution of the analogs summarized by the blue density curve in panel A.
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pable of generalizing to novel data where there are not appropriate analogs and generating
predictions with uncertainties that account for the how well the covariate value is known
for a given assemblage. From this perspective, likelihood-based methods are a relatively
conservative approach to prediction because they are potentially less prone to issues of
analog similarity and predictive bias (Tipton et al., 2019).
A.4.4. Reconstruction
We now move from cross-validation, where we have both the testate amoeba assem-
blage and the measured water-table depth (WTD), to reconstruction. In reconstruction, we
only have a testate amoeba assemblage and we wish to estimate a water-table depth. The
7500 years of testate amoeba assemblages from Caribou Bog are shown in Figure B.2.
We then apply the seven transfer function models to infer a WTD history from Caribou
Bog. The resulting reconstructions are shown in Figure A.5 and the z-scores of the re-
constructions are shown in Figure B.3. The methods break out into three subsets. The
first subset is formed by the two Bayesian models – MVGP and BUMMER; the resulting
reconstructions look similar to each other in terms of both means and uncertainties. The
main difference between MVGP and Bummer is the magnitude of some of the smaller
deviations. MVGP tends to have a somewhat damped response compared to BUMMER.
This damped response could be due to the more flexible ecological responses allowed by
MVGP. The uncertainties, as denoted by the 50% and 95% credible intervals are generally
smaller and more variable from sample to sample compared to the other methods. It makes
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FIGURE A.5. Reconstructions of water-table depth based on testate amoebae assemblages
from Caribou Bog. For each panel, the underlying testate amoebae assemblage data is
identical the only thing that changes is the transfer function model. The dark shading
denotes 50% credible interval, the lighter shading denotes 95% credible interval.
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intuitive sense that some predictions should be more certain than others for many potential
reasons, including, for example, the particular set of species present and their distributions,
the similarity to samples in the training dataset, or the number of individuals counted. With
their uncertainties that vary from sample to sample, Bayesian models capture these features
of the data.
The next subset is WA, WAPLS, MLRC, and MAT. The reconstructions for Caribou
Bog that result from these WA, MLRC and MAT all look similar to each other, again with
some variability in the magnitude of the changes in WTD. The reconstructed pattern from
WAPLS appears to be intermediate between the Bayesian models and WA. For this set of
four models, the uncertainties from sample to sample are nearly constant. These unchang-
ing uncertainties are due to the large v2 irreducible error component. The v2 component is
responsible for 98% of the root mean squared error of prediction in this dataset. This large
irreducible error component limits the usefulness of the uncertainties estimated from these
methods.
Lastly, RF produces predictions with a mean near the mean of the training dataset, little
variability around that mean, and wide uncertainties. This is likely due to the lack of good
analogs in the training set for the reconstruction samples as discussed above. The samples
with smaller uncertainties for RF (e.g., around 2000 and 6000 yr BP) are associated with
samples that have better analogs in the training dataset (Figure A.4B).
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A.4.5. Inference on past hydrology
To a first order, when the different methods are applied to the same subfossil dataset
(Figure S2), the resulting estimates of past hydrological variability are similar (Figure A.5,
Figure S3). This is reassuring because the underlying data are identical between the dif-
ferent reconstructions, but there are some junctures at which one might draw different in-
ferences depending on the method used to reconstruct water-table depth. For example, one
would infer a significant dry event at ca. 4000 yr BP using MVGP and BUMMER. But us-
ing WA, MAT, and other methods, this event is not nearly as pronounced. This divergence
is related to differing model responses to an increase in Assulina muscorum. A. musco-
rum occurs across the moisture gradient, but obtains significantly higher abundance in dry
conditions (Figure A.2). This affinity for dry conditions leads the Bayesian models to in-
fer drier conditions in response to a small increase in A. muscorum. In contrast, WA does
not respond strongly because the percentage increase of A. muscorum is relatively small
and therefore its influence on the WA reconstruction is small. This event illustrates how
MVGP and BUMMER can draw out potentially important single-species anomalies that
may be missed by other models. This sensitivity leads to a more complete use of the full
assemblage, but it comes with a caveat: we need to carefully consider whether species, like
A. muscorum, that can leverage a WTD reconstruction are faithful indicators of the hydro-
logic status of the peatland. These are testable ecological hypotheses and avenues for future
improvement of mechanistic models (e.g., accommodation of more complex relationships
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between the abundance of certain species and the covariate).
In contrast to the event at 4000 yr BP, at ca. 6000 yr BP, WA, MAT, and MLRC show a
large drop in WTD, but MVGP and BUMMER do not. The large change in WTD predicted
by WA and others is driven by a change in dominance from Archerella flavum to Hyalosphe-
nia subflava. These species occur in high percentages (∼40%) and thus the exchange of the
two drives large changes in WTD for WA. However, the change in the dominant species
does not drive a large change in the MVGP and BUMMER reconstructions because the
difference between the affinities of the two species, when considering their full distribution
in this calibration dataset, is relatively small (Figure A.2). Numerous modern and pale-
oecological studies suggest that the shift from A. flavum to H. subflava is a meaningful
indicator of a change from wet to dry conditions (e.g. Charman et al. (1999); Booth and
Jackson (2003); Swindles et al. (2009); Talbot et al. (2010); Sullivan and Booth (2011);
Clifford and Booth (2013)), suggesting that the Bayesian methods likely underestimate the
covariate response to this change in the testate amoebae assemblage. Incorporating this
expert knowledge is possible in the Bayesian hierarchical framework, and future model de-
velopment should seek to understand and refine the response of these models to changes in
dominant species. These two events represent examples of differential sensitivity of differ-
ent types of transfer function methods. These kinds of differences in reconstructions based
on choice of transfer function model are a source of uncertainty that deserves increased
attention in paleoenvironmental reconstructions from proxies based on compositional data.
Understanding where and why different models diverge can lead to improved inference on
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both modern ecology and past hydrology.
A.5. Conclusions and Future Directions: Or, Why Bayesian? Why Bother?
We have presented a detailed analysis of methods for reconstructing water-table depth
from testate amoebae community composition. We reviewed existing methods and intro-
duced a new Bayesian method and a Bayesian method that had not yet been applied to
testate amoebae data. We tested the models in a cross-validation framework and then ap-
plied them to reconstructions.
We found that the existing methods compare well in cross-validation with more com-
plex Bayesian models, but for the simpler existing methods we found that their predictive
skill in cross-validation may not transfer to skill in reconstruction (Tipton et al., 2019).
When we applied the models in reconstruction, we found generally similar inferences of
past hydrology with some key differences. We investigated the sources of some of the
discrepancies between the reconstructions from different models. Ultimately, when com-
paring competing models at a single site without an independent target for validation it is
unclear whether one reconstruction is correct and another is wrong. By presenting a sys-
tematic comparison of results from different models on the same datasets we illustrate the
importance of model choice as a source of uncertainty in records based on compositional
data (Jackson, 2012; Gelman and Loken, 2013).
Bayesian models are worth developing and considering for testate amoebae and other
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paleoenvironmental proxies based on compositional data. Bayesian models like MVGP and
BUMMER are mechanistic models driven primarily by assumptions about the unobserved
ecological processes. Developing these types of models makes our assumptions clear and
written in the formal language of statistics and can yield improved mechanistic understand-
ing of the system being studied. Mechanistic models underpinned by formal statistics like
these are worth the extra effort involved because they allow for a more complete use of
the compositional data we spend so much time collecting and result in more robust pa-
leoenvironmental inferences. Including meaningfully estimated uncertainties makes these
inferences even more useful. Bayesian models formally account for uncertainty throughout
the modeling process (Hobbs and Hooten, 2015). This more complete treatment of uncer-
tainty quantifies how well we really know the past values of the environmental covariate
of interest. In secondary analyses and syntheses, uncertainties are necessary to weigh and
combine information from many different types of proxies (Hakim et al., 2016; Shuman
et al., 2018). When Bayesian models are used on a network of sites, it is possible to add
an explicit spatial component to borrow strength across sites and gain new inference on
the covariate over space and time with complete uncertainties. With traditional methods,
there is a less clear path to achieve a similar borrowing of space and time while properly
propagating uncertainty.
We encourage users of all proxies based on compositional data to carefully examine
their data and methods in a framework like the one presented here. Testing and comparing
new and existing models in a systematic framework leads to a deeper understanding of the
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strengths and weaknesses of available tools. Regardless of whether the process results in
dramatic improvements of inferences, the process itself is clarifying and important: ques-
tioning and testing models and assumptions that underly our important scientific inferences
is critical for minimizing ”ignorance creep” (Jackson, 2012).
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B. APPENDIX B
SUPPLEMENTARY INFORMATION FOR COMPARING AND IMPROVING
METHODS FOR RECONSTRUCTING PEATLAND WATER-TABLE DEPTH FROM
TESTATE AMOEBAE
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Radiocarbon Lab Sample ID Depth (cm) Material dated 14C Age (14C years) 14C Error
OS-122006 35.5 Sphagnum stems 315 15
UCIAMS-190619 44.5 Sphagnum stems 490 20
UCIAMS-190620 53.5 Sphagnum stems 880 20
OS-122007 64.5 Sphagnum stems 1390 15
UCIAMS-190621 76.5 Sphagnum stems 1740 20
UCIAMS-190622 93.5 Sphagnum stems 2120 15
OS-122008 107.5 Sphagnum stems 2430 20
UCIAMS-190623 120.5 Sphagnum stems 2530 15
UCIAMS-194158 129.5 Sphagnum stems 2675 20
OS-122009 133.5 Sphagnum stems 3800 20
UCIAMS-194159 141.5 Sphagnum stems 2935 20
UCIAMS-190624 152.5 Sphagnum stems 3620 15
OS-122010 167.5 Sphagnum stems 3910 20
UCIAMS-190625 188.5 Sphagnum stems 4150 20
OS-122011 208.5 Sphagnum stems 4430 20
UCIAMS-190626 227.5 Sphagnum stems 4595 20
OS-122012 247.5 Sphagnum stems 4660 25
UCIAMS-190627 258.5 Sphagnum stems 4915 20
UCIAMS-190628 263.5 Sphagnum stems 5190 15
UCIAMS-190629 288.5 Sphagnum stems 5895 20
OS-122013 298.5 Sphagnum stems 6020 25
UCIAMS-190630 317.5 Sphagnum stems 6175 15
OS-121990 342.5 Sphagnum stems 6410 25
TABLE B.1. Radiocarbon dates for Caribou Bog
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FIGURE B.2. Full testate amoebae data for Caribou Bog. The y-axis is calibrated age.
Each x-axis is percent abundance. The species names abbreviations are as follows: ampfla
= Amphitrema flagellum, ampwri = A. wrightianum, arccat = Arcella catinus, arcdis = A.
discoides, arcvul = A. vulgaris, assmus = Assulina muscorum, asssem = A. seminulum,
bulind = Bulinaria indica, cenacu = Centropyxis aculeata, cencas = C. cassis, ceneco =
C. ecornis, cortri = Corythion trinema, cryovi = Cryptodifflugia oviformis, cycarc = Cy-
clopyxis arcelloides, difacu = Difflugia acuminata, difglo = D. globulosa, difluc = D. lu-
cida, difobl = D. oblonga, eugstr = Euglypha strigosa, eugtub = E. tubercleata, helpet =
Heleopera petricola, helsph = H. sphagni, helsyl = H. sylvatica, hyaele = Hyalosphenia
elegans, hyapap = H. papillio, hyasub = H.subflava, nebcar = Nebela carinata, nebcol =
N. collaris-bohemica-type, nebgri = N. griseola, nebmil = N. militaris, nebtin = N. tincta,
nebvit = N. vitraea, phracr = Phryganella acropodia, plaspi = Placcista spinosa, pseful =
Pseudodifflugia fulva, sphlen = Sphenoderia lenta, triarc = Trigonpyxis arculeata
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FIGURE B.3. Z-scores of the water-table depth reconstructions resulting from the seven
transfer function models applied to the testate amoeba data from Caribou Bog
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C. APPENDIX C
USING CO-LOCATED LAKE-LEVEL AND BOG WATER-TABLE DEPTH RECORDS
TO UNDERSTAND HOLOCENE CLIMATE AND VEGETATION CHANGES IN
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Using co-located lake-level and bog water-table depth records to understand
Holocene climate and vegetation changes in Maine
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C.1. Abstract
Paleoecological and paleoclimate research produces long-term records that provide
concrete examples of complex interactions between climate drivers and ecological change
at multiple spatial and temporal scales. To better understand these interactions, networks
of high-quality ecological records and independent paleoclimate records are required, to-
gether with detailed understanding of the records that make up those networks. To this
end, we present a new set of co-located climatic and ecological records from a lake and
bog in Maine. A lake-level record from Giles Pond and, from 40 km to the northeast, a
testate amoeba-inferred water-table depth record from Caribou Bog support inference on
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past hydroclimate conditions. These two proxies have never been systematically compared
at nearby sites. A pollen record of past vegetation and a micro-charcoal record of past fire
activity, both from Caribou Bog, provide vegetation and disturbance history. We find that
the new lake-level and bog water-table depth records provide robust, though sometimes
contrasting, information on past climate. For example, the lake-level record from Giles
Pond is consistent with other lake-level records from New England, suggesting it recorded
regional-scale hydrological variability. The bog water-table depth record is consistent with
the bog micro-charcoal record, suggesting it recorded ecologically relevant hydrologic vari-
ability. The pollen record contains many familiar features of Holocene vegetation sequence
of the region. When used in combination, this pair of records explains more about the over-
all vegetation and climate history than either individual record alone. Altogether, these
new records illustrate the richness and complexity of the last 7,500 years of climate and
vegetation in Maine.
C.2. Introduction
Understanding interactions between past changes in climate and past changes in vege-
tation has been a key interest of palynology for more than a century (Edwards et al., 2017).
Pollen preserved in sediment cores showed that vegetation of the past was often vastly dif-
ferent from that of the present. This was a powerful and tangible insight into the scale of
past changes in vegetation and the changes in climate necessary to drive those changes (von
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Post, 1918; Deevey, 1939; Cain, 1939). In the early 1970s, it became possible to quanti-
tatively infer climate variables (e.g., annual and seasonal precipitation and temperature)
from pollen assemblages (Imbrie and Kipp, 1971; Webb and Bryson, 1972). Paleoclimate
inferred from pollen records around the globe have become a major source of data for
understanding terrestrial climate over the last 20,000 years (COHMAP Members, 1988).
In the 1970s and 1980s, independent terrestrial paleoclimate proxies (e.g., lake levels,
stable isotopes, diatoms, chironomids) were developed and refined (Digerfeldt, 1974; Win-
kler et al., 1986; Harrison, 1989; Guiot et al., 1993; Singer et al., 1996). Multiproxy studies
often combined evidence from pollen with one or more independent paleoclimate proxies
to understand local and regional climate sequences (Levesque et al., 1993; Fritz et al., 1991;
Laird et al., 1998).
Ecologists were interested in using pollen records to investigate ecological questions
(Davis, 1981; Davis et al., 1986; Jackson and Whitehead, 1991; Davis et al., 1992). To do
this effectively, pollen could not be relied on as evidence for both past climate and vegeta-
tion change. Independent inference on past climate changes was necessary to understand
details of the interactions between climate and vegetation change (Davis, 1978; Ritchie,
1986). Independent use of paleoclimate and paleoecological records began in earnest in
the late 1990s and early 2000s including Weng and Jackson (1999); Shuman et al. (2001);
Jackson and Booth (2002); Webb III et al. (2003); Booth and Jackson (2003); Booth et al.
(2004).
In eastern North America two prominent independent terrestrial paleoclimate proxies
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are lake-level records (Digerfeldt, 1986; Shuman et al., 2018) and peatland water-table
depth records based on testate amoebae (Booth and Jackson, 2003; Clifford and Booth,
2013). Changes in lake level are related to annual changes in the relative balance of pre-
cipitation and evaporation (Digerfeldt, 1986). Lake-level records are particularly good at
recording slow variations, such as long-term trends and multi-centennial-to-millennial vari-
ability. Lake-level records may not capture multi-decadal and shorter variability. In some
cases, lake-level variations can be driven by non-climatic processes (Huybers et al., 2016).
Variability in reconstructed lake level at an individual site can be limited by many factors
including lake morphometry, coring locations, catchment size, and the presence of outlets.
Lake-level records were compared synoptically to vegetation as a part of the COHMAP
synthesis (Harrison, 1989; Guiot et al., 1993), and were also compared in more detail at the
site level (Weng and Jackson, 1999; Almquist et al., 2001; Shuman et al., 2004). Lake-level
reconstruction from sites in southern New England generated using the same field, lab, and
numerical techniques (Pribyl and Shuman, 2014) has led to records that are directly compa-
rable and reproducible across the region (Newby et al., 2014; Shuman and Burrell, 2017).
Lake-level records have also shown to be consistent with precipitation minus evaporation
inferred from pollen records (Marsicek et al., 2013; Shuman et al., 2019b).
Peatland records of testate amoeba-inferred water-table depth have been used as proxies
for past hydrologic conditions in North America and around the globe (Booth and Jackson,
2003). Testate amoebae-inferred water-table depth records from ombrotrophic peatlands
are particularly sensitive to decadal-to-multidecadal wet and dry events (Charman et al.,
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2006; Booth, 2010; Morris et al., 2015). Ombrotrophic, ”cloud fed”, bogs are raised rela-
tive to the surrounding topography and thus the sole moisture input is precipitation onto the
surface of the bog. The major driver of testate-amoeba community composition is summer
moisture deficit (Charman, 2007; Charman et al., 2009). Bogs are insensitive to winter
precipitation as long as the bog is saturated during the fall (Charman, 2007). Centennial-
to-millennial and longer trends in water-table depth reconstructions may be attributable to
changes in peat accumulation rates or peatland size (Waddington et al., 2015; Morris et al.,
2015; Swindles et al., 2012; Booth, 2002; Charman et al., 2006). When used in combina-
tion with pollen, testate amoebae records have proven useful in understanding the climatic
context for observed changes in vegetation at decadal to centennial scales (Wilmshurst
et al., 2002; Booth et al., 2012,a; Minckley et al., 2012).
Lake-level work in North America has focused on southern New England and the Rocky
Mountains. Bog water-table depth reconstructions have focused on northern New England
and the Upper Midwest. These two important terrestrial paleoclimate proxies have never
been developed from adjacent sites subject to the same regional climate variability and
change. Both lake-level and bog water-table depth records have ’worked’ in the past to
explain independently verifiable changes in climate and vegetation, but the relationship
and potential complementarity of lake-level and bog water-table depth records has not been
explored.
Here we present a pair of co-located lake-level and bog water-table depth records, de-
veloped from sites 40 km apart in Maine. We validate the inferences from each independent
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paleoclimate record and seek to integrate these two unique proxies to better understand the
climate and vegetation history of the area across temporal scales. The vegetation history
of the northeast US has events that appear to be clearly related to climate at both long and
short time scales. Holocene patterns, (e.g., in Pinus, Picea, Tsuga, Fagus) may be ex-
plained by first-order climate changes (Shuman et al., 2004). Short-term events have also
been explained by decadal-scale climate changes (Clifford and Booth, 2015; Booth et al.,
2012). Other changes are more complicated or dependent on ecological context and may
not be easily explainable by broad-scale climate control (Jackson and Whitehead, 1991;
Booth et al., 2012a). We show that using these records in concert leads to a more clear and
textured understanding of past climate and vegetation change.
C.3. Sites and methods
In this paper, we present new data from two sites in Maine: Giles Pond, a lake near
Aurora, Maine and Caribou Bog, a raised ombrotrophic peatland near Old Town, Maine.
Caribou Bog is 40 km ENE of Giles Pond. In this section, we introduce each site and the
methods used to develop and compare and integrate the new records.
C.3.1. Giles Pond
Giles Pond (44.83536 N, -68.31715 W; elevation 115 m) is a small, shallow lake (23































FIGURE C.1. A. Map of sites used in this paper. Pollen data were used from Mansell
Pond (very near Caribou Bog), Moulton Pond (south of Caribou Bog), Gould Pond (west
of Caribou Bog), and Loon Pond (east of Caribou Bog). GGC30 is a marine core off the
Scotian Margin with a published alkenone SST record (Sachs, 2007). Lake-level (LL) sites
are shown as blue dots. B. Google Earth view of Giles Pond with approximate coring
transect shown as a white line. B. Google Earth view of Caribou Bog with approximate
coring location shown as a white square.
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Today, there is a small natural stream outlet with a shallow channel. Once the outlet was
cut, it became a spillover point that limits the water level from rising much above the
modern level. During dry periods, the lake can drop below the level of the outlet, shutting
it off seasonally or annually.
The major idea of lake-level reconstruction is to track the elevation of the sand-mud
boundary near the edge of the lake through time. Changes in the elevation of this boundary
between the littoral (sandy sediment accumulated in shallow water) and profundal (gyttja
and other organic-rich sediment deposited in deep water) track changes in the overall hy-
drologic status of the lake. As lake-level rises, the boundary moves laterally (toward the
shoreline) and up in elevation. When lake-level decreases, the boundary retreats toward the
interior of the basin and down in elevation.
In the field, we surveyed the lake with ground penetrating radar (GPR). The GPR survey
showed many reflective layers that appeared in a consistent pattern around the basin. This
indicates the presence of sand layers caused by past lake-level declines. To capture the
salient GPR features in sediment cores we chose a representative transect in the southwest
corner of the lake. Using a piston corer, we collected four cores from along the transect,
one each at 20 m, 31 m, 39 m, and 50 m from shore. We collected a total of 600cm of
sediment.
Cores were described, photographed, and run through the scanning micro-XRF at Woods
Hole Oceanographic Institution before shipped to University of Arizona where they were
sampled for radiocarbon dating. A total of 25 radiocarbon dates were obtained on charcoal
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and bulk sediment samples (Table D.1). The levels for dating were chosen to bracket sand
layers of interest. Age-depth models for each core were built using Bchron (Parnell, 2014).
Cores 31A and 39A span from present to 15,000 cal yr BP. Core 50A spans from present
to 9000 cal yr BP. Core 20 contained a hiatus from 1000 cal yr BP to 11,000 cal yr BP, and
thus, was not used in the lake level reconstruction procedure.
Titanium counts from the XRF data were used as a proxy for sand content. Titanium is
a conservative tracer for terrestrially-derived material (Shuman et al., 2009). Higher tita-
nium counts are related to increased sand content. We compared the XRF-derived titanium
counts for the Giles Pond to the lab photographs and descriptions to confirm that high ti-
tanium counts are associated with sand layers. In the deglaciation, much higher Ti content
was related to glacial gray clays. Over our target period, the past 10,000 years, Ti is related
to sand content in the cores.
To use these data to reconstruct lake level, we use an algorithm from Pribyl and Shuman
(2014). The algorithm takes an input file consisting of the depth of each sample in each
core, the age of that sample (based on the Bchron-derived age-depth model), and the value
of the proxy for sand content (in this case, Ti counts from XRF) (Figure C.2A, D.1). The
user sets a range of candidate thresholds for littoral and sub-littoral sediment. For the Giles
Pond reconstruction we set candidate thresholds for littoral ranging from 250 to 350 Ti
counts and candidate thresholds for sublittoral sediment ranging from 120 to 250 Ti counts.
For each iteration, one littoral and one sublittoral threshold is used to classify each sample
from each core as either littoral (Ti >littoral threshold), sublittoral (littoral threshold >Ti
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>sublittoral threshold), or profundal (Ti<sublittoral threshold). The algorithm interpolates
the core data to 50-year intervals and iteratively classifies the data at each time point based
on the thresholds. These classifications and the accumulation history of the cores are used
to determine possible lake-level histories consistent with all of the data. For example, if,
for a given 50-year interval, the deepest core is classified as profundal and the two cores
nearer to shore are classified as littoral then the sand-mud boundary at that time must have
been somewhere between the elevation of the deepest core and the second-deepest core.
These classifications of each core are shown in figure C.2B. After many iterations of the
entire process, a consensus lake-level history and uncertainty are produced by a weighted
mean of trajectories consistent with the core data. For further details and implementation
the reader is referred to Pribyl and Shuman (2014)
We compare the new lake-level record from Giles Pond to existing lake-level records
around the region (Figure C.2C). Figure 1 shows a map of the sites used. Long-term trends
in lake-level change are driven by ice-sheet retreat and insolation changes (Shuman and
Plank, 2011). The insolation-driven trends are estimated by regressing Northern Hemi-
sphere June insolation (Berger and Loutre, 1991) on each lake-level record, following Shu-
man and Burrell (2017).
C.3.2. Caribou Bog
Caribou Bog (44.985 N, 68.814 W; elevation 35 m) is an ombrotrophic raised bog near
Old Town, Maine. Previous researchers have documented the Holocene developmental
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history of the site (Gajewski, 1987; Hu and Davis, 1995), the hydrologic structure (Comas
et al., 2005), and the mercury fluxes over the last 10,000 years (Roos-Barraclough et al.,
2006).
Sediment cores for this study were collected in summer 2014. We recovered the top
250 cm using a 10 cm-diameter modified piston corer (Wright et al., 1984). We recovered
another 97 cm with a Russian (Jowsey) corer for a total of 347 cm of sediment. Cores were
extruded and described in the field.
In the lab, the cores were cut into 1 cm contiguous slices, which were each subsampled
for testate amoebae and pollen (1 cm3), loss-on-ignition (LOI) (1cm3), and humification
(3 cm3). The testate amoebae/pollen subsamples were processed via standard methods
(Booth, 2010).
We obtained 24 radiocarbon dates to develop a chronology for the site. The age model
was developed using Bchron Parnell (2014). The basal date of the record is 7,500 cal yr
BP. The age model and the core lithology show no signs of depositional hiatuses. The
radiocarbon dates and age-depth model are in Nolan et al. (2019).
Testate amoebae were identified and counted under a microscope at 400x magnification
based on a standard key (Charman et al., 2000) to a minimum of 100 individuals. A total
of 327 samples (nearly every centimeter) were counted for testate amoebae, for a median
temporal resolution of 17 years per sample (range: 4-60 years).
The testate amoebae-based water-table depth (WTD) record from Caribou Bog was first
published in Nolan et al. (2019), which showed a comparison of seven different transfer
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functions. For the purposes of this paper we present only the water-table depth reconstruc-
tion based on the simplest model, weighted averaging (ter Braak and van Dame, 1989). We
use weighted averaging here because it makes the analyses comparing the water table depth
record to pollen and charcoal records more directly analogous to other such examples in the
literature (e.g. Clifford and Booth (2013); Booth et al. (2012a)). Furthermore, using WA
allows use the full set of samples and species in the North American training dataset, some
of which must be lumped together or eliminated in order to fit Bayesian transfer function
models.
Because low-frequency variability in the reconstructed WTD record is potentially as-
sociated with non-climatic processes (e.g., lateral bog growth and changes in peat accu-
mulation rate), we removed it by fitting a flexible smooth spline to the raw WTD record.
Subtracting the spline leaves only the high-frequency variability that is more confidently
attributable to climate.
On the same slides used for testate amoebae analysis, micro-charcoal (15-250 microm-
eters) was also identified and counted. This size class of charcoal is generally related
to regional fire activity (Clifford and Booth, 2013; Tinner and Hu, 2003; Innes et al.,
2004). Charcoal counts were converted to charcoal accumulation rate (CHAR; pieces cm−2
year−1) by indexing them to the counts of Lycopodium spores added at a known concen-
tration and data about the sediment accumulation rate derived from the age model. There
were 16 samples in Core 1 Drive 1 to which no Lycopodium spores were added and thus
charcoal influx cannot be calculated.
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To understand the relationship between water-table depth conditions and charcoal influx
we divided the data into high charcoal (charcoal influx greater than median charcoal influx)
and low charcoal (charcoal influx less than median charcoal influx). We tested the null
hypothesis that the water-table depth conditions for the high charcoal and low charcoal
groups was indistinguishable from zero using the Mann-Whitney rank-sum test.
From a subset of the samples prepared for testate amoeba analysis, pollen was identified
and counted to a minimum count of 250 arboreal grains per sample. A total of 124 samples
were counted for pollen for a median resolution of 56 years per sample (range: 10-120
years).
C.3.3. Combining lake-level and water-table depth reconstructions
We combine the long-term trend and low-frequency variability of the lake-level record
with the high-frequency variability of the detrended bog water-table depth record to pro-
duce an integrated record of past hydrologic variability. We interpolate each record to
common 20-year time steps, convert each record to z-scores where positive z-scores repre-
sent wetter conditions and negative z-scores represent drier conditions. Then, we combine
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C. Regional lake level comparison
FIGURE C.2. A. Titanium count data for Giles Pond cores 31A (thin black line), 39A (black
line), 50A (gray line). B. Lake-level reconstruction from Giles Pond cores. Dark blue line
is the reconstructed lake-level, light blue shading is the uncertainty, gray lines are some
sample lake-level trajectories from the algorithm, black lines are the cores sedimentation
history, orange dots are intervals in that core classified as littoral, tan dots are intervals
classified as sub-littoral. C. Z-scores of lake-level reconstructions (offset for clarity) from
New Long Pond (NLP) (Newby et al., 2009), Deep Pond (Marsicek et al., 2013), Davis




The cores from Giles Pond contain numerous transitions between sand and mud with
coherent patterns between the cores. The Titanium counts between cores (Figure C.2A,
D.1) show consistent patterns. The deepest core, core 50A, shows less sand than core 39A,
which shows less sand than 31A, the shallowest core. Ti counts were compared in detail
to photos and descriptions of the cores to confirm that Ti counts were closely related to
visually-identified sand layers.
Figure C.2B presents the 10,000-year lake-level history developed using the recon-
struction algorithm. Lake-levels were low in the early Holocene and increased toward the
present. This trend is consistent with other reconstructions from the region and is driven
by the retreat of the ice sheets and insolation changes over the Holocene (COHMAP Mem-
bers, 1988; Shuman and Plank, 2011). Superimposed on the long-term trend are several
multicentennial-to-millennial modulations toward wetter or drier conditions. Many varia-
tions are shared between other lake-level reconstructions from New England (Figure C.2C).
Early Holocene sediments of all three cores from Giles Pond contain sand (Figure C.2B)
suggesting low lake levels. After 8000 yr BP, the lake level began rising with variable
conditions from 7800-5800 yr BP. Lake level decreased at 5700 yr BP, suggesting drying
conditions consistent with the inland southern New England sites (Davis and Blanding).
However, this event is absent at the coastal sites (Deep Pond and New Long Pond). Lower
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lake-level conditions persisted until 4700 yr BP when lake levels began to increase at Giles
Pond and at all of the other sites in New England, reaching high points just after 4500 yr
BP. These lake-level increases were followed by a decrease at Giles Pond and all of the
other sites to a lowered lake level at 4100 yr BP. Lake levels at Giles Pond increased to
near modern levels at 3800 yr BP. The core data clearly suggest an increase in lake level
and relatively higher lake levels from 3800 yr BP until 2600 yr BP, but the magnitude
and dynamics of this interval are not well constrained by the available core data (Figure
C.2B). The timing of the beginning of this wet interval is consistent with the other lake-
level records from the region, but Giles Pond stayed high longer (until around 2600 yr BP)
than the southern New England sites (which decreased around 2900 yr BP). From 2600
to 1400 yr BP lake levels at Giles appear to have been relatively steady and lower than
modern. The sediment limit was between core 31A and core 39A or possibly between core
39A and core 50A from 1800-1600 yr BP. The accumulation history of the cores brings
their relative elevations close together during this interval, making the amplitude of any
lake-level changes ambiguous. Lake level increased at 1400 yr BP and remained high for
about 500 years. This change is in the opposite direction of the southern New England
lake-level records, which suggest drying during this interval. Lake levels at Giles were
lower than present from about 800-500 yr BP before they rose to modern levels about 350
yr BP.
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FIGURE C.3. A. Testate amoeba-inferred water-table depth from Caribou Bog with the
smooth spline showing the low-frequency variability. B. The detrended water-table depth
from Caribou Bog. C. The micro-charcoal from Caribou Bog.
C.4.2. Caribou Bog hydrology and disturbance records
Water table depth reconstruction Figure C.3A shows the testate amoebae-based water-table
depth reconstruction from Caribou Bog. Deeper water-table depth is related to a drier bog
surface, and shallower water-table depth is related to a wetter bog surface. Strong decadal-
to-multidecadal variability is superimposed on lower frequency trends. Because the low-
frequency variability in bog records is potentially related to non-climatic factors, we fit
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a flexible, smooth spline with 30 degrees of freedom to the water-table depth record to
remove low-frequency variability and target decadal-scale events that are more confidently
attributable to climate variability (Figure C.3B).
Charcoal record The microcharcoal record shows large swings between periods of mini-
mal charcoal influx and periods of extremely high charcoal influx (Figure C.3C). Moderate
charcoal influx from 7500-6800 yr BP was followed by low charcoal from 6800-5500.
Maximum charcoal influx in the record occurred around 5400 yr BP, followed by a high
but variable period of charcoal until 4300 yr BP. Charcoal influx was generally low in the
late Holocene except for moderate influx from 2700-2100 yr BP and large peaks at 1700
and 350 yr BP. High charcoal counts are associated with drier water-table depth conditions
(P¡0.001; Mann-Whitney rank-sum test; Figure C.4).
C.4.3. Integrated lake and bog paleohydrology
The lake-level record and water-table depth records are both related to local and re-
gional hydrologic variability, but at face value they look different from each other (Figure
C.2B vs. Figure C.3A). After the removal of the non-climatic low-frequency variability,
only decadal-to-multidecadal variability remains in the water-table depth record. This vari-
ability complements the long-term trend and the multicentennial-to-millennial scale vari-
ability of the lake-level record. We combine these two reconstructions into an integrated















FIGURE C.4. Density plot of the detrended water-table depth (higher values = drier condi-
tions) for samples with high charcoal influx and samples with low charcoal influx. The
difference between the distributions is statistically significant (P¡0.001; Mann-Whitney
rank-sum test).
uments hydrologic variability on timescales of decades to millennia.
C.4.4. Caribou Bog pollen record
Here we present the Holocene record for the six primary arboreal pollen taxa from
Caribou Bog: Pinus, Tsuga, Betula, Picea, Fagus, and Quercus.
Pinus, Pinus strobus in particular, is the dominant taxon at the start of the record, rep-
resenting 50-60% of arboreal pollen from 7.5 to 6.4 ka and generally 40% or greater until
3.2 ka. At 3.2 ka, coincident with wet conditions in the combined lake and bog record,
Pinus shifted to a new lower percentage, around 30% and Tsuga became dominant. Low-




































FIGURE C.5. A: Lake-level record from Giles Pond converted to z-scores and plotted
with the fitted insolation curve. B: Detrended water-table depth record from Caribou Bog
converted to z-scores. C: Integrated lake-level and bog water-table depth paleohydrology
record created by adding the z-scores from panel A and B.
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including increases in Pinus 2000-1800 yr BP and 500 yr BP to present.
Tsuga pollen varies from less than 10% to greater than 50% arboreal pollen, sometimes
within just a few hundred years, and is strongly anti-correlated with Pinus. Tsuga began
the record low, around 20%, and at 6750 cal yr BP began increasing to its mid-Holocene
maximum. From 6.4 to 5.2 ka Tsuga was abundant but highly variable. At 5.9 ka, Tsuga
declined from 44% to 7% and rose back to 45% in less than 250 years.
At 5.2 ka, Tsuga sharply declined again and did not immediately recover. This is the
local expression of the range-wide mid-Holocene Tsuga decline (Bennett and Fuller, 2002;
Foster et al., 2006; Booth et al., 2012a). At 4.6 ka, Tsuga briefly increases to 40% for 150
years, sharply declined again, and then began a variable, upward trajectory to a maximum
at 2.7 ka. Tsuga remains dominant, generally above 40%, until 500 yr BP. Tsuga drops
precipitously from 50% at 650 yr BP to 2% at 250 yr BP and remains low to the present.
Betula begins the record around 5% and increases to a maximum of greater than 30% at
4200 yr BP. After 4200 yr BP, Betula decreases slightly and remains consistently variable
around 20% through the late Holcene. Betula attains a short, high peak at 250 yr BP.
Macrofossil evidence from Gould Pond suggests Betula alleghaniensis generally replaced
Betula papyrifera after 6000 yr BP (Anderson et al., 1992). Thus, most of the Betula pollen
in the Caribou Bog record is likely B. alleghaniensis.
From 7.5-1.5 ka, Picea is generally less than 5% with occasional brief increases up to
15%. From 2000 yr BP to present, Picea generally increases with a number of sharp ups
and downs. Picea pollen in this record derives from both trees growing on the bog surface
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(P. mariana) and Picea in local-to-regional upland forests (mostly P. rubens today).
Fagus increases from less than 5% at 7.5 ka to 10% at 5.7 ka, then drops suddenly and
remains less than 5% until 4.9 ka. From 4.9 ka to 4.0 ka, Fagus is more prominent, around
10% before a another sudden drop to less than 5%. Fagus increases from 4.0 ka to 3.3
ka and then generally decreases from 3.3 ka to 500 yr BP. At 500 yr BP, Fagus increases
suddenly to greater than 10% and then, at 350 yr BP, dramatically drops to 1%.
Quercus generally ranges from 2-7% throughout the record with peaks up to around
13% at 4450 yr BP, during the early return of Tsuga, and at 2800 yr BP, coincident with
an increase in Betula. The general clustering of higher Quercus pollen between 5000 and
4000 yr BP is coincident with higher Fagus pollen percentages.
Acer, Alnus, and Abies are the next most abundant taxa, but are all well below 5%.
C.5. Discussion
C.5.1. Long-term hydrologic trends and multi-centennial variability at Giles Pond
The lake-level history of Giles Pond exhibits a known insolation-driven trend towards
wetter conditions over the past 10,000 years (Shuman and Plank, 2011). The long-term
trend is modulated by centennial-to-millennial scale variability (Newby et al., 2014; Shu-
man and Burrell, 2017), in particular at Giles Pond: (1) dry conditions from 5.7 to 5.5 ka,
(2) the sequence of wet conditions at 4.5 ka and dry conditions from 4.2 to 3.9 ka, (3)



































































FIGURE C.6. A: Integrated record that combines the Giles Pond lake-level history and
Caribou Bog detrended water-table depth record (same as figure C.5C. B: Microcharcoal
record from Caribou Bog. C: Pinus pollen from Caribou Bog. D: Tsuga pollen from
Caribou Bog. E: Betula pollen from Caribou Bog. F: Picea pollen from Caribou Bog. G:
Fagus pollen from Caribou Bog. H: Quercus pollen from Caribou Bog.
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conditions at 1.8 ka.
Qualitative lake-level reconstructions from nearby Mansell Pond suggested similar pat-
terns to Giles Pond: specifically, dry conditions prior to 5 ka followed by a variable increase
to near modern levels by 3 ka (Almquist et al., 2001). Giles Pond extends the existing
network of quantitative lake-level records in southern New England (Newby et al., 2014;
Shuman and Burrell, 2017) northward by 500 km. The expanded network allows for as-
sessment of patterns of lake-level change between southern and northern New England.
Some multi-century changes appear consistent between records across the northeast US,
lending confidence to the interpretation of lake-level records as sensitive to regional cli-
matic variations. Not all events appear in all records because droughts and pluvials have a
range of spatial patterns. Sometimes a drought may affect the entire northeastern US, but
other times the spatial extent may be more limited. For example, the 1960s drought af-
fected the entire region from eastern Pennsylvania to northern Maine (Seager et al., 2012),
but the 1947 drought primarily affected Maine and New Hampshire.
Due to the small perennial stream outlet, Giles Pond lacks sensitivity to record con-
ditions wetter than modern day. The reconstructed lake level rises to near modern levels
(e.g. from 3700-2500 BP, 1200 BP, and 500 BP to present), but it is possible that some of
these wet periods were actually wetter or more variable than our reconstruction suggests.
During drier times, the lake level drops below the level of the outlet stream. Blanding Pond
in Pennsylvania also has an outlet that similarly limits its sensitivity in the late Holocene
(Shuman and Burrell, 2017).
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C.5.2. High-frequency hydrologic variability and impacts at Caribou Bog
The testate amoebae-based water-table depth reconstruction from Caribou Bog extends
the local network of similar records in Maine from Sidney Bog, Saco Bog, and Great Heath
Bog (Clifford and Booth, 2013, 2015). Existing records focused only on the most recent
2000 years, particularly the major changes at 500 yr BP. Caribou Bog provides a 7,500-
year record of hydrologic variability. The water-table depth reconstruction exhibits both
fast and slow changes. Low-frequency variability in bog records is susceptible to non-
climatic drivers such as changes in bog growth rate (Morris et al., 2015). Thus, in order
to emphasize the variability that is more confidently related to hydroclimate variability, we
detrended the water-table depth reconstruction using a smooth spline. Future work could
develop more sophisticated approaches to separating climatic and non-climatic drivers of
centennial-to-millenial trends in bog water-table depth records.
The simple detrending applied here yields a water-table depth record with many decadal
to multi-decadal dry and wet events and more closely matches qualitative interpretation
applied to bog water-table depth records. Dry conditions in the detrended water-table depth
are related to increased microcharcoal, suggesting that the testate amoebae-based water-
table depth reconstruction is sensitive to ecologically meaningful hydrologic variations over
the past 7,500 years.
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C.5.3. Integrating lake-level and water-table depth records to reconstruct hydrologic vari-
ability across temporal scales
Lake-level and bog water-table depth records in general, and our new records from
Giles Pond and Caribou Bog in particular, represent validated proxies for past hydrologic
conditions. Although their respective hydrologic histories appear to differ, we can apply
expert knowledge about each proxy to synthesize and integrate these records (Jackson,
2012). Lake-level records are smoothed representations of hydrologic variability because
it takes large hydroclimatic changes to affect lake levels. Thus, interpretation of lake-level
records should focus on long-term trends and multi-centennial to millennial scale variabil-
ity. In contrast, low-frequency variability in bog records derives primarily from autogenic
bog processes and their interaction with climate variability. Thus, for bogs, interpretation
should focus on wet versus dry conditions on decadal to multi-decadal time scales (Char-
man et al., 2009; Swindles et al., 2012).
Given their differential timescales, combining the lake-level and bog water-table depth
records results in an integrated history that reasonably describes decadal to multi-millennial
hydrologic variability and change over the last 7,500 years (Figure C.5). This integrated
record is more like the latent, true hydroclimate than either record alone (e.g., the combined
record explains some of the clustering of peaks in the charcoal record) (Figure C.6).
Incorporating expert knowledge in proxy interpretation makes possible equitable com-
parisons and combinations of records. The simple addition of z-scores ignores some poten-
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tial mismatches between the bog and lake proxies, especially in three potentially important
areas: seasonality, hydrologic inputs, and influence of temperature. Lake-level changes
are sensitive to annual water balance whereas the bog water-table depth reconstructions
are most sensitive to the summer season (Charman, 2007). Lakes receive hydrologic input
from both runoff and preciptitation while precipitation is the only input for ombrotrophic
bogs. Changes in bog water-table depth and lake level are sensitive to a balance between
precipitation and evaporation. This balance has a temperature component, but the details
require additional investigation (Pribyl and Shuman, 2014; Charman et al., 2009). Future
work should interrogate the assumptions about proxy sensitivities and mechanisms that un-
derlie the simple addition of z-scores via modern observational studies of lakes and bogs,
development of more pairs of co-located records, and development of terrestrial tempera-
ture records.
C.5.4. Climate and ecological drivers of Holocene vegetation change at Caribou Bog
Our new pollen record from Caribou Bog is similar to a lower-resolution sequence from
the site (Gajewski, 1987), but the increased resolution (one sample every 60 years compared
to one sample per 700 years) allows for investigation of both slow and fast changes in
vegetation over the past 7,500 years. Interpretation of vegetation changes in the light of our
independent paleoclimate records from Caribou Bog and Giles Pond provides new insights
into climate-vegetation interactions.
Some of the observed changes are consistent with a relatively simple climate-forcing
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explanation. For example, the decrease in Pinus and replacement by Tsuga after 3.5 ka
is likely related to a long-term wetting trend (Figure C.2 and C.6a) modulated by distur-
bance and local ecological interaction. The decline of Pinus in the mid-to-late Holocene is
common in records around the region, but the timing and magnitude of the decline varies.
Fagus’s decline from 5.8 to 5.0 ka may be related to its intolerance to drought and fire.
This may be analogous to dynamics in the Great Lakes region related to droughts and fires
in the Medieval Climate Anomaly (Booth et al., 2012) and throughout the Holocene (Wang
et al., 2016). These events have not been clearly documented in existing pollen records
from lakes in Maine, possibly due to the smoothing of lake records (discussion below).
The Holocene history of Tsuga, particularly mid-Holocene dynamics, is complicated. A
recent study suggests a niche bimodality, where Tsuga prefers warm and dry conditions or
cool and wet conditions (Shuman et al., 2019a). The mid-Holocene Tsuga maximum from
7.0 to 5.2 ka may represent optimal warmer and drier conditions and the later Holocene
Tsuga maximum from 3.5 to 0.5 ka may represent optimal cooler and wetter conditions.
Shuman et al. (2019a) also use this niche bimodality to predict the Holocene dynamics
of Tsuga pollen in southern New England. Attempts to apply this index to the Caribou
Bog record resulted in relatively poor agreement between the timing of climatic changes
and the mid-Holocene dynamics of Tsuga at Caribou Bog. Major discrepancies between
the (Shuman et al., 2019a) approach and Tsuga pollen changes at Caribou Bog suggests
simple, climate-only explanations may be insufficient to explain mid-Holocene dynamics
of Tsuga in northern New England.
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Booth et al. (2012a) have suggested treating the Tsuga decline, low period, and recov-
ery separately as epiphenomena and evaluating their potential drivers independently (Booth
et al., 2012a). Theoretical modeling suggests intrinsic ecological processes can also gen-
erate abrupt quasi-synchronous tree declines (Ramiadantsoa et al., 2019). The true causes
may be some combination of climatic and ecological processes interacting across scales in
potentially unpredictable ways. Expanding the network of highly-resolved, precisely-dated
pollen and paleoclimate records will further elucidate the drivers of mid-Holocene Tsuga
dynamics (Booth et al., 2012a).
Betula’s low abundance around 7.5 ka and rise to a steady, higher level of abundance
after 5.0 ka is consistent with regional patterns. In particular, immigration and expansion
of Betula alleghaniensis in the Adirondacks, the White Mountains, and Upper Michigan
coincided with sustained Betula pollen increases (Davis et al., 1980; Jackson and White-
head, 1991; Jackson et al., 2014). However, in our new record from Caribou Bog Betula
only reaches 20-30%. This is lower than nearby sites, particularly Mansell Pond and Gould
Pond where Betula is consistently greater than 40% after 5500 yr BP and much less variable
than Caribou Bog (Almquist-Jacobson and Sanger, 1995; Anderson et al., 1992). Differ-
ences in Betula pollen abundance between these sites could be due to climatic or edaphic
differences between sites, but fundamental differences between pollen records from bogs
versus lakes may also contribute to the discrepancies. In lakes, pollen grains are deposited
on the water surface, become inundated, and then sink in the water column to eventually
be deposited in the sediment (Davis et al., 1971). In contrast, the pollen record from an
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ombrotrophic bog consists solely of pollen that is deposited onto the surface of the bog
at the coring site. Differential imbibition and sinking rates between pollen taxa can then
affect the ratio of different types of pollen grains that ultimately are preserved in lake sed-
iment relative to the ratio that would be preserved in surface samples or bog sediments
(Davis and Brubaker, 1973). Furthermore, pollen records from lakes are smoothed because
they represent a broader sample of airborne pollen and because sediment concentration and
mixing smooths the record that is ultimately preserved in lake sediment. Future work could
systematically compare sets of nearby pollen records and surface pollen samples from dif-
ferent depositional environments (e.g. lake vs. bog vs. moss pollster) to better understand
the differences in the pollen records preserved in these two archives.
Picea in the bog pollen records represents both local (bog surface) and regional upland
populations. In local lake pollen records Picea is present in only trace amounts (<2%)
between 10 ka and 2ka (Almquist-Jacobson and Sanger, 1995; Anderson et al., 1992), al-
though there is some evidence for mid-Holocene coastal refugia (Schauffler and Jacobson,
2002). Picea in the Caribou record prior to 2 ka likely derives mainly from local bog popu-
lations, while the general rise after 2 ka represents regional re-expansion, although contri-
bution from expansion on the bog surface in the last 2 ka cannot be ruled out. Picea’s late
Holocene return has been attributed to temperature, particularly cooling summer tempera-
tures (Webb, 1986). The trend towards wetter conditions may have also helped facilitate
the return of Picea, but the lack of directional response to the major dry event at 500 yr BP
suggests that temperature may have been more important to Picea than hydroclimate.
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Many species exhibit synchronous changes at 500 yr BP, including an increase in Pinus
and major decreases in Tsuga and Fagus. Similar dry events have been documented at
three other bogs in Maine, and caused consistent ecological response (increased Pinus and
Quercus, decreased Tsuga and Fagus) across New England (Clifford and Booth, 2015).
C.6. Conclusions: What’s gained by having all of these records together?
These new records provide a detailed climate and vegetation history for south-central
Maine, and add detail and texture to our understanding of the last 7,500 years of environ-
mental change in northern New England. Lake-level and bog water-table depth records
have been applied independently to understand climate drivers of the vegetation dynamics
that underlie pollen data, but this study represents the first dual application of these two
powerful and complementary paleoclimate proxies. Taken at face value, the lake-level and
the bog water-table depth records may seem to be saying very different things about the pa-
leoenvironments, but when applied in the light of knowledge of proxy processes they can
be combined to yield an integrated record of hydrologic variability and change. The com-
bined record explains dynamics of the pollen and charcoal records more comprehensively
than either paleoclimate record alone.
Developing and combining unique sets of proxy records illustrates the rich possibilities
and many challenges of paleoenvironmental reconstruction. Integration of diverse sets of
archives and proxies yields both improved paleoenvironmental inference and clearer under-
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standing of proxy sensitivity and bias (Jackson, 2012). Detailed site level work provides
insights into climate and contingencies that led to today’s environmental state (Jackson
et al., 2009) and is critical to underpin regional to global syntheses. This process does not
necessarily result in simple unifying conclusions, but rather, generates paleoenvironmen-
tal histories that more closely match the complex, multivariate, and non-linear nature of
ecological responses to environmental change.
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SUPPLEMENTAL INFORMATION FOR USING CO-LOCATED LAKE-LEVEL AND
BOG WATER-TABLE DEPTH RECORDS TO UNDERSTAND HOLOCENE CLIMATE
AND VEGETATION CHANGES IN MAINE
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Sample ID Core Depth (cm) Material dated 14C Age 14C Error notes
122625 31A 32.5 Bulk sediment 755 20
122626 31A 57.5 Bulk sediment 2660 20
122627 31A 71.5 Bulk sediment 3480 20
122628 31A 88.5 Bulk sediment 3940 30
122629 31A 122.5 Bulk sediment 9230 20
122630 31A 149.5 Bulk sediment 9830 20
122631 31A 160.5 Bulk sediment 11000 20
122632 31A 179.5 Bulk sediment 12350 30
137468 39A 36.5 Bulk sediment 1090 15
137469 39A 68.5 Bulk sediment 2270 20
137470 39A 119.5 Bulk sediment 3860 20
137472 39A 165.5 Bulk sediment 6710 25
137471 39A 174.5 Bulk sediment 7180 25
137475 39A 199 Bulk sediment 8950 35
137473 39A 244 Bulk sediment 10800 45
137474 39A 253 Bulk sediment 10950 40
165955 50A 54.5 Charcoal pieces 2005 35
137476 50A 74.5 Bulk sediment 2920 20
137477 50A 89.5 Charcoal pieces 3250 25
165956 50A 100.5 Bulk sediment 1740 25
165957 50A 118.5 Charcoal pieces 3640 25
165958 50A 178.5 Bulk sediment 5135 25
137478 50A 218.5 Charcoal pieces 7060 30
137479 50A 241 Bulk sediment 7440 25
137480 50A 283 Bulk sediment 8090 35
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FIGURE D.1. Ti counts from XRF versus depth for the three Giles Pond cores used in
lake-level reconstruction annotated with the median calibrated radiocarbon dates.
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E.1. Abstract
Paleoclimate records provide long-term historical context for climate variability from
the Holocene and beyond. Lake-level and bog water-table depth records are two key prox-
ies for terrestrial hydroclimate in North America. These proxies have generally not been
developed in the same places, but for both proxies there is a developing network of sites in
mid-latitude North America. Here we present a new pair of co-located records from north-
eastern Minnesota: a 6,200-year long lake-level reconstruction from Knuckey Lake and
a 1000-year long testate amoeba-based water-table depth reconstruction spanning 1500 to
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500 cal yr BP from Ely Lake Bog. These two proxies have different hydroclimatic sensitiv-
ities and time scales of response, but together they provide a new record of local Holocene
hydroclimate and represent new datapoints in their respective single-proxy networks. The
new records provide details about known Minnesota climatic and ecological changes over
the Holocene, such as the warm-dry mid-Holocene. When compared to bog water-table
depth records from Minnesota and Michigan, the Ely Lake Bog record supports inference
of synchronous Upper Midwest dry events in the last millennium. The network of eastern
US bog records is generally consistent at the sub-regional scale, but lacks clear coher-
ence between records from Maine and records from the Upper Midwest. The new lake-
level record from Knuckey Lake connects a network of lake-level reconstructions from
Wyoming to Maine generated using consistent methodologies. We analyze this network
and find coherent multi-centennial hydroclimate variability, especially among sites across
eastern North America. Altogether, we illustrate the utility of single-proxy networks in
explaining the complex spatial and temporal variability of hydroclimate over the Holocene
in mid-latitude North America.
E.2. Introduction
Records of past hydroclimate extend the short observational record and place modern
observations in a long-term context (Masson-Delmotte et al., 2013). Tree ring records in
particular have provided annually-resolved centennial to millennial perspective on past hy-
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droclimate (Woodhouse and Overpeck, 1998; Meko et al., 2007). Tree ring-based drought
atlases have provided continental-scale records of spatial patterning of droughts over the
last millennium (Cook, 2004; Cook et al., 2010, 2015). Analyses of these networks in
conjunction with climate modeling has led to insights about the dynamical forcing of past
droughts (Coats et al., 2013, 2016; Stevenson et al., 2015).
However, tree-ring drought atlases extend no more than 2000 years, and in some re-
gions where old-growth forests have disappeared (e.g. the northeast US), the drought at-
lases are only trustworthy for the past 200-300 years. Attempts to understand regional- to
continental-scale hydroclimate variability on longer time scales have lagged behind tree-
ring efforts and temperature syntheses (PAGES, 2013; Marcott et al., 2013; Shakun et al.,
2012). Initial syntheses of non-tree ring hydroclimate proxies have shown limited coher-
ence (Shuman et al., 2018; Rodysill et al., 2018; Marlon et al., 2017). In a recent synthesis
from North America, nearby proxy records did not agree on trends or variability over the
last 2000 years and loaded differently onto principal component axes (Shuman et al., 2018).
Hydroclimate patterns are complex in space and time, and even modern precipitation
and drought observations and projections have significant disagreements and uncertainties
(Hartmann et al., 2013; Stocker et al., 2013). Thus, it is not surprising that using proxies
to understand hydroclimate hundreds to thousands of years in the past presents significant
challenges (PAGES, 2017). Hydroclimate has a shorter decorrelation distance and more
complex spatial pattern than temperature; and such, continental and global averages are less
meaningful for hydroclimate than for temperature (Bu¨ntgen et al., 2010; Gomez-Navarro
124
et al., 2015). Furthermore, hydroclimate proxies have a wide range of sensitivities and
record different aspects of hydroclimate at different temporal scales.
Some useful approaches for integrating hydroclimatic records include: treating proxies
qualitatively (DiNezio and Tierney, 2013; Thirumalai et al., 2018), using co-located proxy
records (Nolan et al., 2019), and focusing on proxy-specific networks (Booth et al., 2006;
Newby et al., 2014). Specifically, analysis of groups of lake-level sites in the northeastern
US and the central Rocky Mountains have found coherent multicentury variability (Shuman
and Burrell, 2017; Shuman and Serravezza, 2017). Multicentury variability in the Holocene
is well-documented from many sites, but the patterns, extent, and mechanisms are not well-
constrained (Mayewski et al., 2004; Wanner et al., 2011; Fawcett et al., 2011; Shuman,
2012; Ault et al., 2013).
In this paper, we present new co-located lake-level and bog water-table depth records
from north-eastern Minnesota. The new records build on a long history of paleoclimate and
paleoecological research in the region. Pollen records from Minnesota show a general se-
quence of spruce-dominated forests in the late Pleistocene transitioning to pine-dominated
forests in the early Holocene (Wright Jr. et al., 1963; Webb et al., 1983). Pine dominance
was interrupted by warm and dry conditions in the mid-Holocene that shifted the prairie-
forest boundary more than 100 km to the east (Webb et al., 1983). The warm and dry
mid-Holocene has been identified in many proxies including pollen (Webb et al., 1983),
lake levels (Digerfeldt et al., 1992), stable isotopes (Henderson et al., 2010), ostracodes
(Smith et al., 2002), diatoms (Saros et al., 2000), geochemistry (Nelson et al., 2004), and
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dust flux (Keen and Shane, 1990; Dean, 1993). Aridity generally set in around 8.0 ka,
reached its maximum around 7.0 ka, and ended around 6.0 ka (Nelson and Hu, 2008).
Pollen-based estimates suggest a 10-25 % decrease in precipitation and a mean July tem-
perature increase of 0.5-2.0 degrees Celsius relative to pre-Industrial conditions (Bartlein
et al., 1984). Lake-level hydrologic modeling suggests lake-level decreases of 3-6 meters
below present and decreases in precipitation of nearly 30% (Almendinger, 1993).
After 6.0 ka, precipitation began to increase and mean July temperature decreased in
northern Minnesota and increased in southern Minnesota. Pinus dominated the forests
again and the cooling temperatures allowed the return of Picea to parts of the northern Up-
per Midwest by 3.0 ka (Webb et al., 1983; Bartlein et al., 1984). High-resolution records of
the past 1000-2000 years such as (Brugam et al., 1988; Fritz et al., 2000; Jacques et al.,
2008; Booth et al., 2006) document recent variability and identify coherent dry events
around 1000 cal yr BP and 750 cal yr BP (Booth et al., 2006).
We analyze our new lake-level and bog water-table records in the context of regional
paleoclimate and paleoecology. In particular, our new lake-level record is the first of its
kind in this region. It bridges the gap between records of the last 2000 years and records
of mid-Holocene aridity and provides insights into the multi-centennial to millennial scale
variability over the past 6000 years in the Upper Midwest. Then, we connect the new lake-
level and bog water-table depth records to existing networks of lake-level and bog water-
table depth records from across the eastern United States to analyze spatial patterns of








































FIGURE E.1. Mid-latitude North America sites developed and used in this study. KL =
Knuckey Lake, HB = Hole Bog, SL = Steel Lake, WOL = West Olaf Lake, SRB = South
Rhody Bog, ISB = Irwin Smith Bog, MB = Minden Bog, PB = Pinhook Bog, CB = Caribou
Bog, GP = Giles Pond, SiB = Sidney Bog, SaB = Saco Bog, GHB = Great Heath Bog, NLP
= New Long Pond, DaP = Davis Pond, DeP = Deep Pond, BL = Blanding Lake.
the past 6000 years. Lastly, we compare the patterns and variability from the lake-level
network to a long climate model simulation to understand how the proxy reconstructions
compare to simulated mid-to-late Holocene hydrologic variability.
E.3. Sites and Methods
E.3.1. Knuckey Lake
Knuckey Lake (47.651625, -92.766152; 438 m elevation) is a small kettle pond (28 ha,
max depth 4 meters) with two perennial, small stream outlets. The lake is located northwest
of Virginia, MN on the outwash of the St. Croix moraine association. We performed ground
penetrating radar surveys and found reflective sand layers consistent with past lake-level
change. Using a piston corer, we collected three near-shore cores from the north-northwest
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side of the lake: core KL15-16A is 129 cm long and from a water depth of 68cm, core
KL15-19A is 179 cm long and from a water depth of 76 cm, and KL15-22A is 235 cm long
and from a water depth of 91 cm.
The cores were returned to the lab where they were described and scanned on a GeoTek
core scanner to obtain photographs and gamma density. Loss-on-ignition (LOI) analysis
was performed on every centimeter of sediment. Low LOI values are associated with in-
creased sand content; high LOI is associated with increased organic content. The LOI data
corresponded well with sand and organic-rich gyttja layers identified in visual descriptions
of the cores. We obtained 15 radiocarbon dates (Table F.1), most positioned immediately
above and below sand layers to date drawdown periods. Age-depth models were fit using
Bchron (Parnell, 2014).
The core accumulation histories and LOI data were used in a decision-tree lake-level
reconstruction algorithm (Pribyl and Shuman, 2014) to generate lake-level trajectories con-
sistent with the core data. We used cut-offs for littoral ranging from 5-20% LOI and cut-offs
for sublittoral ranging from 20-35% LOI (Shuman, 2003).
E.3.2. Ely Lake Bog
Ely Lake Bog (47.445, -92.439; 420 m elevation; approx. 500 ha) is an ombrotrophic
peatland 30 km southeast of Knuckey Lake that formed on glacial lake sediment. Sediment
cores were collected in the summer of 2015. We collected the top 52 cm as a monolith and
the next 152cm in two drives using a modified piston corer (Wright et al., 1984). The cores
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were extruded and described in the field.
In the lab, the cores were sliced into one-centimeter thick sections. From each section,
a subsample (1cm3) was prepared for testate amoebae analysis following standard methods
(Booth, 2010). Testate amoebae were identified based on a key from Charman et al. (2000)
and counted to a minimum of 100 individuals per sample. To translate testate amoeba
community composition from the Ely Lake Bog record to an estimate of water-table depth,
we used weighted averaging trained on a large modern surface-sample dataset from North
America. We used this simple transfer function because it performs well for single-site
reconstructions and makes our WTD record directly comparable to existing records from
the region (Booth et al., 2006).
Microcharcoal particles (15-250 micrometers) were counted on the same slides as the
testate amoeba. Microcharcoal is a proxy for regional fire activity (Innes et al., 2004;
Tinner and Hu, 2003; Clifford and Booth, 2013). The microcharcoal counts were converted
to charcoal influx based on the accumulation rates derived from the age-depth model and
Lycopodium spores added to the testate amoebae preparation at a known concentration.
We obtained 16 radiocarbon dates (Table F.2) and fit an age-depth model using Bchron
(Parnell, 2014). There is a hiatus from 140 and 450 yr BP (note: all dates are expressed as
cal yr BP, where present is defined as 1950 CE), the timing of which is similar to a hiatus at
Hole Bog (Booth et al., 2006; Booth, 2010), another raised bog in Minnesota about 200 km
west of Ely Lake Bog. We focus on the interval from 1500-500 yr BP to capture regional
drought events that occurred around 1000 and 750 yr BP (Booth et al., 2006; Shuman et al.,
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2009).
E.3.3. TraCE-21k climate model analyses
TraCE-21k (Simulation of the Transient Climate of the Last 21,000 Years) is a 22,000
year transient simulation using the Community Climate System Model version 3 (CCSM3)
(He, 2011; Liu et al., 2009). This is the only publicly-available, fully-coupled transient
climate model simulation of the last deglaciation and Holocene. We used the decadal-mean
annual total precipitation (PRECT) from the National Center for Atmospheric Research
Climate Data Gateway. We extracted time-series for the four gridpoints that contain the six
lake-level records from the eastern US. We smoothed the decadally-averaged time series
with a smooth spline to emphasize variability on 200+ year timescales. We performed a
principal component analysis on the decadal averages from 10,000 yr BP to present and
smoothed the resulting PCs with a smooth spline.
E.4. Results
E.4.1. New Records
Knuckey Lake lake-level record. The Knuckey Lake cores show a coherent pattern of loss-
on-ignition (Figure E.2A) that is consistent with sand layers identified visually in the cores.











A. Knuckey Lake core data









































































































C. Ely Lake Bog reconstructed water-table depth
D. Ely Lake Bog microcharcoal
FIGURE E.2. A. Loss-on-ignition data from Knuckey Lake core 16A (thinnest line), core
19A (gray line), and core 22A (black line). B. Reconstructed lake level from Knuckey Lake
(black line) with uncertainty (gray shading). The core data and accumulation history are
shown as lines. Black dots represent an interval classified as littoral, gray dots represent an
interval classified as sublittoral. C. Ely Lake Bog testate amoeba-based water-table depth
reconstruction. D. Microcharcoal record from Ely Lake Bog.
Using the core accumulation history and LOI data, the decision-tree lake-level reconstruc-
tion algorithm (Pribyl and Shuman, 2014) produces a 6,200-year lake-level history. An
overall trend towards wetter conditions over the past 6200 years was modulated by multi-
centennial scale variability. At 6.2 ka, the lake first reached our cores, as shown by gyttja
at the base of core 22A. A transition to sand then indicates a dry conditions from 6.0 to 5.5
ka. Gyttja at the base of core 19A indicates lake levels rose from 5.4 to 4.9 ka. 4.9 to 3.9 ka
is characterized by a sequence of alternating dry and wet intervals. Clear sand layers return
at 3.3 ka indicating drier conditions, followed by dry and variable conditions through 2.7
ka. Lake levels rose through 2.2 ka. After 2.2 ka, most of the cores contain mainly gyt-
tja, except for a few short intervals of decreased LOI (more sand) including: 2100-2000,
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FIGURE E.3. Records of hydroclimate from Minnesota over the Holocene. A: Testate
amoebae-inferred water-table depth from Ely Lake Bog. B: Testate amoebae-inferred
water-table depth Hole Bog (Booth et al., 2006). C. Lake-level record from Knuckey Lake.
D. Quartz record, a proxy for dustiness, from Elk Lake (Dean, 1993). E: Aragonite:Calcite
ratio from West Olaf Lake (Nelson and Hu, 2008). F: Pine (shaded) and Oak (black line)
pollen from Steel Lake (Nelson et al., 2004).
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Ely Lake Bog water-table depth and charcoal record The 1000-year record from 1500-500
BP of testate amoeba-inferred water-table depth from Ely Lake Bog and the microcharcoal
shows the characteristic decadal to multi-decadal variability that is common in bog water-
table depth records (Figure E.2C-D). The deep, dry event centered at 1010 BP is associated
with a 20-cm drop in water-table and a large peak in charcoal influx. This began a 75-year
period of variable dry conditions, including another dry event with a large charcoal peak at
950 BP. Dry conditions and high charcoal also returned from 750-700 BP.
E.4.2. New records in Minnesota context
Figure E.3 shows the new records from Ely Lake Bog and Knuckey Lake in the context
of the last 10,000 years. This context sharply contrasts the smooth centennial-to-millennial
scale variability of the lake-level reconstruction compared to the decadal-scale variability
of the bog water-table depth records (Figure E.3A-C).
The standard sequence of Holocene changes in Minnesota is represented in the Elk Lake
Quartz record (Dean, 1993), West Olaf Lake aragonite-to-calcite ratio record (Nelson and
Hu, 2008), and Steel Lake pine versus oak pollen record (Nelson et al., 2004)(Figure E.3D-
F). All three of these records suggest increased aridity from 8 to 6 ka with some differences
in the magnitude and variability between sites. After 6 ka, the three records show the same
general trends towards wetter conditions, but the timing and magnitude differs. Differences
could be related to spatial differences (e.g., West Olaf Lake is further west in Minnesota
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FIGURE E.4. Last 2000 years of hydrologic variability from Knuckey Lake and a network
of bog water-table depths from the eastern United States. A: Lake-level reconstruction from
Knuckey Lake. B: Water-table depth reconstructions from Ely Lake Bog (solid line; this
study) and Hole Bog (dashed line; Booth et al. (2006)). C: Water-table depth reconstruc-
tions from Minden Bog (solid line; Booth et al. (2006)) and Irwin Smith Bog (dashed line;
Booth et al. (2012)). D: Water-table depth reconstructions from Pinhook Bog (solid line;
Booth et al. (2012)) and South Rhody Bog (dashed line; Booth et al. (2012)). E. Water-
table depth reconstructions from Sidney Bog (solid line; Clifford and Booth (2013)), Great
Heath Bog (dashed line; Clifford and Booth (2013)), Saco Bog (blue line; Clifford and
Booth (2013)), and Caribou Bog (red line; Nolan, et al. 2019).
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dry conditions may have occurred earlier). Differences may also be related to the nature
of the proxies. For example, the complex relationship between changes in lake depth and
changes in geochemistry (e.g., Donovan et al. (2002); Smith et al. (2002)) could complicate
direct comparisons.
The timing of the beginning of the Knuckey Lake lake-level record and the multi-
centennial variability from 5.5 to 4.5 ka is consistent with existing records, especially Elk
Lake. Further, the timing of the decrease in oak and return of pine at Steel Lake, around
4.5 to 3 ka, is consistent with the trend towards wetter conditions at Knuckey Lake.
In the last 2000 years, major dry events are recorded at Ely Lake Bog and Hole Bog
at 1000 yr BP and 750 yr BP (Figure E.4B). These events appear as minor (potentially in-
significant relative to uncertainties) lake-level drawdowns at Knuckey Lake (Figure E.4A).
Another dry period in Hole Bog at 1700 yr BP also appears as a drawdown in the Knuckey
Lake reconstruction.
E.4.3. Bog water-table depth records from the eastern United States
The dry events at 1000 and 750 yr BP in Minnesota bogs and at Knuckey Lake also
clearly appear in the record from Minden Bog in Michigan (Figure E.4A-C). Irwin Smith
Bog, also in Michigan, does not record the event at 1000 yr BP due to a hiatus from 1700
to 955 yr BP, but does clearly record a drought event at 750 yr BP. Dry events from 1900
to 1650 yr BP at Hole Bog do not appear in the Michigan bogs.
Pinhook Bog (northern Indiana) and South Rhody Bog (Upper Peninsula, MI) do not
135
record dry events at 1000 and 750 yr BP (Figure E.4D). However, these bogs differ from
Minden and Irwin Smith (also Ely and Hole) in two key ways: Pinhook and South Rhody
are kettle peatlands and they experience significant lake-effect snow in winter, whereas
Minden and Irwin Smith are raised, ombrotrophic peatlands and experience less lake-effect
snow (Booth et al., 2012).
Bog water-table depth records from Maine document a dry event at 550 yr BP and pos-
sible dry events at 1850, 1650 to 1550, and 850 yr BP (Figure E.4E). The Upper Midwest
dry events at 1000 and 750 yr BP do not appear to extend into Maine.
A principal component analyses (PCA) on the Upper Midwest subset and the Maine
subset of bog records supports these events as significant shared variations Figure F.1. In
the Upper Midwest, the first principal component (PC) of a PCA using Ely Lake Bog, Hole
Bog, and Minden Bog over 620 to 1340 yr BP (their shared period of overlap) represents
53% of the variance and includes expressions of the dry events at 1000 and 750 yr BP.
In Maine, the first PC of a PCA using Saco Bog, Sidney Bog, Great Heath Bog, and
Caribou Bog from 0 to 600 yr BP represents 56% of the variance and contains the shared
dry event at 500 yr BP. And the first PC of a PCA using Saco, Sidney, and Caribou from
1550 to 2000 yr BP represents 55% of the shared variance and contains dry events at 1600























FIGURE E.5. Z-Scores of lake-level records from the eastern US over the past 6200 years.
The vertical lines indicate the periods of coherent multi-centennial variability among Mas-















FIGURE E.6. Top: Mid-latitude North American lake-level records over the last 6200
years converted to z-scores and detrended. Bottom: Principal components of the detrended
z-scores of the eastern US lake-level records. PC1 explains 43.5% of the variance, PC2



















































FIGURE E.7. A. Smoothed z-scores of total precipitation for the grid points in the TraCE-
21ka simulation with lake-level records used in this study. B. First principal component
(59% of the variance) of the TraCE-21ka precipitation data for the four grid points in A.
Second principal component (22% of the variance) of the TraCE-21ka precipitation data
for the four grid points in A. C. Third principal component (16% of the variance) of the
TraCE-21ka precipitation data for the four grid points in A.
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E.4.4. Continental-scale lake-level synthesis
Knuckey Lake represents a linchpin connecting a network of New England lake-level
records 1500 km to the east and sites 1300 km to the west in the Central Rockies (Figure
E.1) that documents centennial to multi-millennial hydrologic trends and variability over
the past 6,200 years (Figure E.5). In this paper we focus on the eastern US network. Most
multi-century events appear among subsets of sites in the network. At 5.6 ka, Giles, in
Maine, and Blanding and Davis, in inland southern New England, all decreased and re-
mained low until 4.9 ka. In contrast, Deep and New Long, in coastal Massachusetts, and
Knuckey, in Minnesota, all increased over the same interval. All of the sites decreased from
4.9 to 4.6 ka and then increased from 4.6 to 4.2 ka. From 4.2 to 3.9 ka, all of the lake-levels,
except Knuckey, decreased.
All eastern US lake-level records increased after 3.9 ka. Giles Pond maintained a high
lake level until 2.6 ka, but many other lakes began to dry earlier, around 2.9 ka. Deep
Pond recorded a major, transient dry event at 3.5 ka that was also weakly expressed at New
Long Pond and Knuckey Lake. Some late-Holocene variability at Knuckey Lake appears
anti-phased with southern New England sites (e.g., dry events at 3.2, 2.8, 2.0, and 1.5 ka).
A dry event from 1.3 to 1.2 was recorded at Davis, Deep, and New Long. Giles Pond was
wet during this period and Blanding had lost sensitivity due to its outet stream (Shuman
and Burrell, 2017). All of the records indicated high lake levels in the most recent part of
the Holocene.
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To isolate the coherent multicentennial variability we removed the insolation trend
(Berger and Loutre, 1991) from the six eastern US lake-level records and performed prin-
cipal components analysis (Figure E.6). PC1 explains 43.5% of the variance and features
many of the multi-century events described above, including: the sequence of dry to wet to
dry from 4.9 to 3.9 ka, the dry period from 2.9 to 2.1 ka, and the recent wet conditions. PC2
and PC3 explain 21.1% and 14.8% of the variance, respectively, and modulate the broad-
scale features from PC1. All of the sites load positively onto the first empirical orthogonal
function (EOF), but EOF2 and EOF3 have both positive and negative loadings. Giles loads
strongly negatively on EOF2 while New Long (coastal MA) and Knuckey (MN) load pos-
itively. On EOF3, Deep Pond (coastal MA) loads negatively while Blanding and Davis
(inland southern New England) load positively (Figure F.2).
E.4.5. Multi-centennial precipitation variability in the TraCE model simulation
The TraCE precipitation simulations over the past 10,000 years for the four grid points
with lake-level records contain large decadal-scale variability modulated by multi-centennial
to millennial scale variations (Figure E.7, F.3, F.4). The simulated precipitation time series
generally lack the Holocene-length trends of the lake-level records because those trends are
largely driven the effects of changing summer temperatures on water-balance (Shuman and
Plank, 2011).
The multi-centennial to millennial variability in the simulated precipitation is compa-
rable to that of the lake-level records. This suggests that this variability is a real part of
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the physical climate system. The TraCE simulation can also quantify the ratio of decadal
variability to the multi-centennial variability. Decadal variability is on the order of 50-100
mm/yr precipitation while the multi-centennial variability represents 15-30 mm/yr varia-
tions. These relatively small variations become important when averaged over long time
periods (Shuman et al., 2018).
A principal components analysis on the TraCE precipitation data reveals a dominant
first PC representing 59% of the variance with all positive EOF loadings. The second PC
(22% variance) is dominated by loading from the Minnesota grid cell and looks similar to
the Knuckey Lake lake-level reconstruction. The third PC (15% variance) is dominated
by loading from the Maine grid cell and looks very similar to the Giles Pond lake-level
reconstruction.
E.5. Discussion
E.5.1. Multi-scale Holocene hydrologic variability in Minnesota
Lake-level and bog water-table depth records complement one another because they
are sensitive to environmental variability at markedly different temporal scales. The dry
events at 1000 and 750 yr BP represent an opportunity for direct comparison of lake and
bog responses. Sharp declines in the bog water-table depth appear as muted drawdowns in
the lake-level record. Future work should monitor modern lake-level and bog water-table
depth changes in the same region to better understand their relative scaling.
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The Knuckey Lake record, in the context of the the warm and dry mid-Holocene in Min-
nesota, allows for estimation of the magnitude of precipitation changes necessary to drive
lake-level changes. Quantitative estimates from pollen and lake-level modeling suggest
that the maximum mid-Holocene dry period was characterized by precipitation decreases
of up to 30% and temperature increases of 2◦C (Bartlein et al., 1984; Almendinger, 1993).
Thus, the increase in the Knuckey Lake lake-level from 6.2 ka to present (approximately
2.5 meters) represents an increase in precipitation of at most 30%. Multi-centennial vari-
ability at Knuckey Lake is characterized by around 0.5 m of lake-level change which could
represent a precipitation change of up to 5%. This estimate is also supported by the anal-
ysis of the TraCE precipitation data in which the magnitude of multi-centennial variability
is approximately 20% of the magnitude of decadal variability in simulated precipitation
(Figure F.3).
Co-located lake-level and bog water-table depth records together also illustrate the
smoothed, time-averaged version of past climate variability and change represented by
lake-level reconstructions. Decadal, interannual, annual, seasonal variability are super-
imposed on the centennial to millennial scale variability in the lake-level reconstruction.
Using different proxies and multiple archives, each with their own unique sensitivities pro-
vides a more realistic view of past climate variability, but analyzing networks with records
from multiple different proxies requires careful analysis of each record and understanding
of the unique climate-sensing properties of each proxy (Shuman et al., 2018; Marlon et al.,
2017; Jackson, 2012; Evans et al., 2013).
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E.5.2. Bog water-table depth records resolve regional hydroclimatic variability
Water-table depth reconstructions from bogs in Minnesota and Michigan record dry
events at 1000 and 750 yr BP at multiple sites (Booth et al., 2006). Bogs in Maine record
dry events at 500 yr BP and 1800 yr BP (Clifford and Booth, 2015), but do not register the
Upper Midwest events at 1000 and 750 yr BP. These events are also confirmed in principal
component analyses. The lack of coherence between the Upper Midwest and northern New
England could be a function of spatial covariance versus time-scale in the climate system
(Mitchell, 1976). That is, on the decadal to multi-decadal time scales of the bog records
the spatial covariance of hydroclimate may generally be limited to the regional level.
Sub-continental scale synthesis suggests that nearby testate amoebae-inferred water-
table depth records document similar hydroclimatic variability. Individual records may
have site-specific responses, but given adequate replication, a network of bog water-table
depth records could accurately record spatial patterns of decadal to multi-decadal hydrocli-
matic variability over the past 2000 to 3000 years.
E.5.3. Coherent multi-centennial lake-level variability across mid-latitude eastern North
America
Our analysis of the lake-level network from mid-latitude North America shows clear,
coherent multi-centennial hydroclimate variability in the eastern US over the past 6000
years. Some of these events are evident in all or nearly all records (e.g., the sequence
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of wet to dry to wet from 4.9 to 3.9 ka), while others only appear in a subset (e.g., dry
conditions at Giles, Blanding, and Davis from 5.5 to 4.9 ka, but wet conditions at Deep,
New Long and Knuckey over the same interval). This indicates spatial patterns of past
hydroclimate variability. We know from instrumental records and tree-ring based drought
atlases that different spatial patterns of droughts and pluvials are possible. Comparison of
patterns in the paleo record with patterns from the observational record and climate models
allows for identification of underlying climate dynamical mechanisms (Woodhouse et al.,
2009; Coats et al., 2015). Detailed investigation of the climate dynamical drivers of multi-
centennial variability will require more Holocene-length climate model simulations.
Modes of climate variability that affect interannual hydroclimate variability in the mod-
ern system, such as the North Atlantic Oscillation (NAO) and Atlantic Mutidecadal Vari-
ability (AMV), continue to drive interannual variability over the Holocene, but are unlikely
to be the dominant causes of multi-centennial variability observed in the lake-level net-
work. Analyses of the TraCE-21ka simulation suggests that multi-centennial variability is
present in this long transient climate model run. The exact sequences of events vary, sug-
gesting multi-centennial variability is primarily a result of unforced internal atmospheric
variability.
The network of lake-level records contains an extensive set of correlated multi-centennial
variability. Each lake has its own idiosyncrasies, but most major events are replicated at
other nearby lakes. Principal components analysis further elucidates shared multi-centennial
patterns. This suggests that a more extensive network of lake-level records across eastern
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North America yields promise for generating a spatially-resolved reconstruction of multi-
centennial hydroclimate variability over the last 6,000 to 8,000 years.
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F. APPENDIX F
SUPPLEMENTAL INFORMATION FOR COHERENT MID-TO-LATE HOLOCENE
























FIGURE F.1. A. First principal component (53% variance) of Upper Midwest bog records:
Ely Lake Bog, Hole Bog, and Minden Bog. B. First principal component of two PCAs of
Maine bog records. The PCA for present to 600 yr BP uses all four Maine bogs and the
first PC represents 56% of the variance. The PCA for 1550 to 2000 yr BP uses Saco Bog,




















































































Giles Pond Grid Point
Knuckey Lake Grid Point
FIGURE F.3. TraCE-21ka total precipitation for the grid points that contain Giles Pond (A)








































































Deep Pond Grid Point
Blanding Pond Grid Point
FIGURE F.4. TraCE-21ka total precipitation for the grid points that contain Deep Pond (A)
and Blanding Pond (C) and smoothed with a smooth spline with 40 degrees of freedom (B
and D).
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Sample ID Core Depth (cm) Material dated 14C Age 14C Error
208729 16A 20 Charcoal pieces 785 20
208730 16A 56 Charcoal pieces 1700 15
208731 16A 93 Charcoal pieces 3040 20
208732 16A 127 Charcoal pieces 3900 20
208733 19A 37 Charcoal pieces 1915 15
208734 19A 88 Charcoal pieces 2330 20
211349 19A 174 Charcoal pieces 4570 20
211351 22A 12 Charcoal pieces 540 20
211352 22A 19 Charcoal pieces 1070 20
208730 22A 28 Charcoal pieces 1110 15
211353 22A 111 Charcoal pieces 3125 15
211354 22A 142 Charcoal pieces 4140 25
211355 22A 180 Charcoal pieces 4495 20
208737 22A 195 Charcoal pieces 4475 20
211356 22A 216 Charcoal pieces 5600 20
TABLE F.1. Radiocarbon dates for Knuckey Lake.
Sample ID Depth (cm) Material dated 14C Age 14C Error
194151 76.5 Sphagnum stems 95 20
211341 87.5 Sphagnum stems 315 15
211342 92.5 Sphagnum stems 360 20
211343 97.5 Sphagnum stems 410 15
194152 102.5 Sphagnum stems 665 20
211344 117.5 Sphagnum stems 920 20
194153 127.5 Sphagnum stems 975 20
211345 137.5 Sphagnum stems 1105 15
194154 165.5 Sphagnum stems 1260 20
211346 171.5 Sphagnum stems 1410 20
211347 177.5 Sphagnum stems 1555 25
211348 182.5 Sphagnum stems 1815 15
194155 187.5 Sphagnum stems 2050 20
194156 192.5 Sphagnum stems 2150 20
TABLE F.2. Radiocarbon dates for Ely Lake Bog.
